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Proline is a unique amino acid because it is the only amino acid whose side chain wraps 
around and bonds back to the peptide backbone.  This ring shape helps proteins form 
conformations which would otherwise not be possible such as hairpin turns.  The cis/trans 
isomerization of the peptide bond between the preceding amino acid (Xaa) and Proline is important 
in determining how the secondary structure folds.  Thus, being able to control the cis/trans 
isomerization is important when a specific conformation is desired; Proline can be modified to get 
make the equilibrium shift whichever way is needed.  The modifications can influence the sterics, 
electronic structure, or both to achieve the desired results. 
In chapter 1 of this work, a suite of Proline derivatives was examined using density 
functional theory to acquire the difference in total energy between the cis and trans conformations 
of the peptide bond.  Both steric and electronic interactions were considered to see where the 
stability of the dominant conformation was coming from.  In chapter 2 the equilibrium structures 
were used to create a CHarMM force field to then be calculated in a molecular dynamics 
simulation.  The simulations were of a 5-mer polypeptide FGXFG, where X was either regular 
proline or a proline derivative.  The objective of this simulation was to see how far apart the ends 
of the poly peptide were and how often.  This is of interest because when trying to create a cyclic 
peptide, having the ends closer together for a longer period promotes cyclization.  This could speed 
up reaction times as well as reducing waste in the form of linear chains 
Chapter 3 focuses on a class of molecules called phthalonitriles.  These molecules are of 
synthetic interest in making larger macrocycles named phthalocyanines.  Different variations of 
phthalonitriles can be used to then change the properties, in this case, the iso-C3F7 groups were 




information presented here is matched up with the experimental for classification of the newly 
synthesized phthalonitriles.  Geometry optimizations with all possible rotamers were performed to 
get the global minimum for each molecule.  After the global minimum was found for each 
molecule, both the IR and UV-Vis spectra were predicted using B3LYP/6-311++G**.  The 
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Chapter 1: Theoretical Investigation of the Preferred Cis or Trans 





1.1 Introduction to proline and modified prolines 
Proline is an interesting amino acid for several reasons.  In particular, Proline has a cyclic 
side chain which has a large impact on protein secondary structure. Free rotation about the peptide 
bond between the N and preceding amino acid carbonyl carbon is produced as a result of the delta 
carbon in the Proline ring being fixed.  Figure 1 depicts the two conformations that are found for 
the peptide bond giving rise to either the cis or trans conformation, or rotamer.  These rotamers 
have different conformational stabilities that are a subject of popular interest among the 
biochemistry community.  In many applications, it is desired to restrict the peptide bond in either 
the cis or trans conformation depending on the peptide backbone conformation desired.  In 
proteins, 5.2% of the Xaai-1-Proi bonds are in the cis conformation, whereas in contrast, this 














Figure 2.  Steric interaction between the methyl groups and the R1 group favors the cis 
conformation 
The cis-trans ratio can be affected by changing the proline moiety in various ways.  For 
example, the cis conformation is favored when bulky substituents are added to the delta carbon in 
the Proline ring as seen in Figure 2.  The equilibrium of 5,5-dimethylproline shows that by adding 
geminal methyl groups to the δ-carbon, the steric interaction between the methyl groups and the 
R1 substituent drives the equilibrium toward the cis rotamer.
2  Stabilizing the trans form is less 
straightforward of a task.  If a larger percentage of the trans conformation is desired, it must be 
more energetically stable than the cis and a simple addition of steric groups will be unlikely to 
achieve the trans conformation compared to the cis case (Figure 2). However, by judicious 
selection of the electronic properties of the Proline ring, it may be possible to restrict the peptide 
bond into the trans conformation.   
 The cis/trans equilibrium of amino acids is an important topic and in this chapter the focus 
will be on Proline and Proline-like moieties.  Many modified Prolines were studied in this work, 
as well as other model compounds to give a better indication of the interactions at work. 
1.2 Stability of the Rotamers 
Steric hindrance is one of the largest contributions to a molecule’s structure but it is not the 




easily understood phenomena in chemical structures.  From a classical mechanical perspective, 
steric strain is an increase in energy due to two groups being close together and can be more 
thoroughly described by the overlapping of two atoms’ van der Waal radii.6  In a more quantum 
mechanical sense, this overlap results in filled orbitals on the two functionalities to increasingly 
occupy the same spatial coordinates.  The Pauli Exclusion Principle, in which occupied orbitals 
repel, causes an increase in the energy of the structure as the electron clouds are pushed toward 
each other.  The result of this will be, in theory, an increase in the exchange energy of the 
electrons.7 
There is some debate over the electronic effects on the stability of the cis/trans isomers in 
peptides.1  To start with an example that can easily be seen, the anomeric effect that takes place in 
sugars will be briefly discussed.8  The anomeric effect stabilizes an axial substituent by 
delocalizing the lone pair electrons from an oxygen of a  pyranose ring to the σ* orbital of the C-
O bond adjacent to it.  Figure 3 shows an example of the equilibrium of the axial alcohol group 
being stabilized by the anomeric effect. 
 
Figure 3.  Example of the anomeric effect stabilizing an axial alcohol substituent.  This is 






Figure 4.  Structure of a pyranose sugar. 
The anomeric effect stabilizes the sterically less favored α conformer of a pyranose sugar 
shown in Figure 4.  A similar idea was applied to proline derivatives, one of them being structure 
1 in Figure 5 by Hinderaker and Raines from a study published in 2003.1  They argued that some 
stability in the trans conformation results from an n→π* interaction from the Oi-1 to the Ci’.  The 
carbonyl oxygen from the methyl amide has some overlap with the π* orbital of the carbonyl 
carbon of the methyl ester.  Computational results indicated how much stability this n→π* 
interaction stabilizes the trans rotamer.  The Oi-1-Ci-Oi angle is roughly near the Burgi-Dunitz 
angle of 109o which is shown to be the optimal angle for an incoming nucleophile attacking an 
electrophilic carbonyl carbon.9-10 
The n-π* interaction may well be a factor in the stability of the trans isomer of n-proline 
along with streric strain and other electronic effects such as hyperconjugation and π systems.  
There have been many other attempts at modifying the proline ring to see what the effects on the 
structure would be.  A large emphasis is placed on Proline’s cis-trans equilibrium thus creating a 
demand for modified Proline’s to better control the equilibrium.  This is because whether the 
conformation is cis or trans, it has a large impact on the structure of the protein. 11-18  For 




all amino acids take on the trans conformation.16  This stability of the trans conformation is 
important because it determines the stability of collagen at higher temperatures. 
 
Figure 5.  Molecules used in this study.  Molecule 1 is a capped proline moiety; the others are 
referred to in this work as “modified prolines.” 
In this study, the focus is on the relative stability of cis or trans conformations as a function 
of specific modifications to the ring structure in proline.  The selection of modifications was based 
on 1) published modifications already prepared and shown to be stable and 2) modifications 
designed to probe the underlying reasons favoring one conformation or the other.  As noted above, 
special emphasis is placed at probing the reasons that certain modifications favor the trans 




cyclization strategies aimed at forming cyclic peptide-based therapeutics.17-19  This study focuses 
on steric and electronic effects that stabilize a particular structure rather than developing specific 
synthetic strategies. 
1.3 Molecules of Interest and Structure Rational 
 The molecules shown in Figure 5 are a suite of modified proline-type molecules used in 
this study.  Each molecule’s structure was optimized to minimal energy using the GAMESS 
software package.20-21  The full computational details are in described in section 1.4.  Molecule 3, 
the main molecule of interest, is one that was reported in 2016 by Elashal, Cohen, and Raj.22  
Molecule 3 is of interest for two reasons, first being its ease of synthesis and second is the 
preliminary evidence that the molecule would prefer the trans conformation much more than the 
cis, and thus would be able to be used where the trans isomer is desired preferentially for down-
stream processing into therapeutics and other desired materials.  Molecule 2 was investigated as 
well because of its presence in literature and along with its relative similarity to molecule 3, was 
used as a point of comparison.23  The endo proline conformation was used exclusively in this study 
due to it being more stable than the exo conformation. 
The N- and C- termini of each molecule were capped with methyl groups to ensure the 
structure had no charge imposing an electrostatic attraction on the ends that might strongly 
influence the cis-trans equilibrium.  Although N and C termini in peptides usually carry a formal 
charge at physiological pH, this charge would not affect the geometry of a residue in the middle 
of a long peptide chain.  As this study focusses on mid-peptide structure, terminal charge effects 
are not included, and the methyl ester group was substituted for the normal methyl amide 
functional group to limit the hydrogen bond interaction between itself and the amide oxygen on 




Chemcraft software package.24  Moreover, capping the termini in this way brings a greater ability 
to compare the current results with those previously publish in which the authors similarly capped 
the termini.  Thus, this approach gives a good starting point for comparison to other published 
literature.  Of the investigated structures, 1-4 and 6-10 are published structures while 5, although 
never reported and perhaps possible to synthesize, is included to test the hypothesis presented 
below.  This information leads into this study which explores the cis/trans stability of this class of 
proline-like molecules. 
1.4 Results 
1.4.1 Preliminary Cis-Trans Equilibrium 
Using the B3LYP DFT functional25-26 and the 6-311++G** basis set (noted as B3LYP/6-
311++G** in common nomenclature), molecules 1, 2, and 3 were optimized in either the cis or 
trans initial state structure.  Their optimized cis and trans geometries are shown below in Figure 6.  
The total electronic energy was summed together with the zero-point energy (ZPE)27 to get the 
total energy of the molecules and their rotamers at their first vibrational level.  The ZPE energy 
represents the difference in energy between the bottom of a theoretical potential energy curve and 
the ground state vibrational energy.  This correction to the energy is commonly made to obtain 





Figure 6.  Optimized structures of N-acetyl-L-proline in the endo conformation.  This structure 
was the basis of all other modified prolines. 
More negative energies indicated greater stability.  In all three cases, the trans conformation is 
favored but this is much greater for 3 than for 1 or 2.  To provide a sense of how the trans/cis 
equilibrium is affected by the relative stability of the trans rotamer, we calculate an equilibrium 
constant according to:28 
𝑛𝑡𝑟𝑎𝑛𝑠
𝑛𝑐𝑖𝑠
= exp⁡{−(𝐸𝑡𝑟𝑎𝑛𝑠 − 𝐸𝑐𝑖𝑠)/𝑘𝐵𝑇    Eq. 1 
shown in the last column of Table I.  Molecules 1 and 2 both have a relatively low equilibrium 
value when compared to molecule 3 which is on the order of 106 favoring the trans conformation.  
The following sections will investigate what is attributing to this equilibrium by looking at 




           
           
           
Figure 7.  Molecules 1, 2, and 3 (A, B, and C respectively) three dimentional structures with trans 








Table I.  Energies of the starting three modified prolines followed by the difference in energy of 
the trans and cis conformations in Hartrees.  The equilibrium constant is shown at 298.15 K. 















(Trans/Cis)        
 
1 trans -592.9691501 0.208984 -592.760 -371958.782 -1.327 9.391  
cis -592.9671152 0.209064 -592.758 -371957.455 
 
        
 
2 trans -628.8696242 0.184994 -628.685 -394501.492 -0.306 1.676  
cis -628.8690134 0.184871 -628.684 -394501.185 
 
        
 
3 trans -702.9224033 0.166808 -702.756 -440981.244 -8.989 3.881E+6  




1.4.2 Comparison of the Suite of Molecules  
 The chemical composition of 1–3 varies by the inclusion of oxygen at the gamma position 
(2) and a carbonyl at the delta position (3).  Apart from slight differences in the bond lengths and 
angles, the primary difference among these three structures is that a π system localized at the –
C(=O)-N- in proline is extended to the delta and gamma positions in 3.  Structure 2, with a saturated 
methylene at the delta position provides no such π orbital extension.  Figure 8 below shows orbitals 
from molecules 1-3 which best represent the π system which extends through the ring.  What 
becomes evident is that the π system appears more extensive in the trans conformer of 3 that any 
of the other structures.  It is also notable that the ring planarity, particularly on the -C(=O)-N-C(g)-
C(d) portion.  The addition of the gamma oxygen in 3 eliminates the ring pucker, making the ring 




also variations in the steric effects among these three structures.  Molecule 1, normal proline has 
two hydrogens that might offer steric repulsion with the CH3 on the n-terminal methoxylate.  
Structure 3 has a carbonyl oxygen which could impose electrostatic repulsion with the methoxy 
oxygen.  Structure 2 would be expected to impose the least steric repulsion.  Molecule 3 also has 
the most stable trans conformer by far as shown in the last section.  To get a better understanding 
of the reason for this pronounced effect, a hypothesis was formulated and tested: The enhanced 
stability of 3 is caused by a balance between the through-space steric effects and extended π-
bonding into the ring structure with the latter being dominant. Translational energy quantization 
is commonly interpreted within the well-known “Particle in a Box” model.  For a one-dimensional 




      Eq. 2 
Where h is Planck’s constant, m is the particle mass (an electron in this case), n is the quantum 
number and l is the “box” length.29  In this relation, the energy varies as the inverse square of the 
box length.  Hence, the energy of a pi-orbital state decreases with increasing length of an extended 
pi-system resulting in greater stability (other effects e.g., steric repulsion, being the same).  
Whichever conformer (cis or trans) would have a longer extended pi system might be expected to 
Figure 8.  Molecular orbitals showing the π system distributed over the amide bond for 1, 2, and 3 
from left to right.  Molecule 3 shows extended conjugation through the proline ring.  The orbitals 
for each of the structures are HOMO -8, HOMO-7, HOMO-22 for 1,2, and 3 respectively.  Each 




exhibit greater stability.  Regarding molecules 1-3, I anticipate that the enhanced trans conformer 
stability of 3 is due to this effect.  This hypothesis is tested by investigating a set of molecules, 
Figure 3, which provide variations in both steric interactions and extended pi structure.   
Table II Energies for molecules 1-10 both in hartrees and kcal/mol with the difference in energies 
between the trans and cis conformations and a trans/cis Boltzmann distribution at 298.15 K.  
Results for 1-3 are the same from Table I, but listed again here for completeness. 
 















(Trans/Cis)        
 
1 trans -592.9691501 0.208984 -592.760 -371958.782 -1.327 9.391  
cis -592.9671152 0.209064 -592.758 -371957.455 
 
        
 
2 trans -628.8696242 0.184994 -628.685 -394501.492 -0.306 1.676  
cis -628.8690134 0.184871 -628.684 -394501.185 
 
        
 
3 trans -702.9224033 0.166808 -702.756 -440981.244 -8.989 3.881E+6  
cis -702.9078723 0.166602 -702.741 -440972.255 
 
        
 
4 trans -631.0425183 0.214003 -630.829 -395846.786 -1.147 6.929  
cis -631.0402826 0.213595 -630.827 -395845.639 
 
        
 
5 trans -591.7459144 0.184732 -591.561 -371206.417 -136.948 2.419E+100  
cis -591.5283787 0.185439 -591.343 -371069.469 
 
        
 
6 trans -631.0422371 0.213121 -630.829 -395847.163 7.896E-2 8.752E-1  
cis -631.0421359 0.212894 -630.829 -395847.242 
 
        
 
7 trans -1025.833433 0.164073 -1025.669 -643610.600 -8.04099 7.836E+5  
cis -1025.820394 0.163848 -1025.657 -643602.559 
 
        
 
8 trans -666.9496338 0.189527 -666.760 -418393.967 -1.49882 1.255E+01  
cis -666.9471793 0.189461 -666.758 -418392.469 
 
        
 
9 trans -671.5582008 0.264754 -671.293 -421238.652 1.205734 1.307E-01  
cis -671.5598783 0.264510 -671.295 -421239.857 
 
        
 
10 trans -667.0042227 0.190567 -666.814 -418427.569 -9.02437 4.120E+06  






Structure 7 is essentially the same as 3 but with a sulfur in place of the ring carbonyl.  It 
indicates a similar trans equilibrium bias and helps confirm the validity of the Oxazolidinone (sp2) 
result.  Both structures are found to have equilibrium constants on the order of 106.  In both 3 and 
7, the π orbital system is extended from the N-terminal carbonyl to the oxygen at the gamma 
position.  Structure 10 is found to have a similar trans conformer bias even though it lacks the 
oxygen atom in the gamma position.  It is evident that any extension of the π-structure to the 
gamma position (compare 3 and 10) does not specifically result in enhanced stability of the trans 
conformer even though the π system is expanded.  This indicates that either 1) extending the π-
system to the gamma position does not significantly affect the trans conformation stability or 2) 
that the presence of the carbonyl oxygen at the delta position contributes enough steric instability 
to overcompensate for any enhanced stability that would otherwise result.  To investigate these 
possibilities, structures 4 and 5 were prepared and investigated.  The essential difference between 
4 and 5 is that 4 includes a methylene group at the delta position in place of the more electron 
withdrawing carbonyl in 10 and 5 extends the π-system to the gamma and delta positions without 
the steric interactions present in 3 or 7 resulting the carbonyl or thionyl group, respectively.  As 
shown in Table II, 4 only exhibits a slight trans equilibrium bias whereas 5 shows an essentially 
infinite trans bias.  This profound difference is interpreted as a difference in a) the minimal steric 
interactions present in 5 compared to 4, and b), perhaps most significantly, that the π system is 
expanded in both 4 and 5, but 5 expands it in an all-trans conformation starting from the N-terminal 
carbonyl through the nitrogen and delta position ending at the gamma position.  The relative 
influence of the π-system extension and steric influences are further explored in structures 6, 8, 
and 9.  Structure 9 includes no π-system extension beyond the nitrogen and has more significant 




one investigated that shows a slight bias for the cis conformation.  Structure 6 has one methyl 
group at the delta position but extends the π-system to the gamma position and so is an analog of 
structure 5, but with greater steric interaction at the delta position.  Structure 6 shows only slight 
trans conformation bias, compared to 5, where the bias was enormous.  This clearly indicates that 
the steric interactions also strongly influence trans conformation bias.  Structure 8, with an sp2 
delta carbon and oxygen at the gamma position as in 3, but with a methylene at the delta position 
instead of an electron withdrawing carbonyl, shows only slightly greater trans conformation bias 
than the parent structure 1, n-Proline. The trans bias of 8 is similar to 4.  It is apparent that the 
presence of a methylene group at the delta position (structures 4 and 8), in sharp contrast to having 
a carbonyl or thionyl at this position (structures 5, 7 and 10), does not result in significant bias 
toward trans conformation. 
Figures 9-11 below help illustrate why the addition of the methyl group sways the 
equilibrium of molecule 6, which contains this delta methyl group.  The amide methyl group on 
the left-hand side of the molecule eclipses the delta methyl group leading to greater steric strain, 
whereas in the cis conformation, the alpha carbon is still eclipsing the amide methyl, but the next 
carbon out is in a pseudo gauche position.  It is worth noting that the methyl group at the delta 
position in 6 was initially rotated 60 degrees along the C-C single bond (see Figure 10), so that the 
hydrogens of the N-terminal methyl group were not pointing directly toward each other, and it also 
did not eclipse the gamma hydrogen; this was the starting structure for the geometry optimization.  
The distance between the delta and amide methyl groups are further apart in the optimized structure 
than in the starting structure, at the cost of shrinking the space between the gamma hydrogen and 




This starting structure shown in Figure 10 is not optimized but rather taken from a previously 
optimized molecule 6 and the methyl group rotated 60 degrees and displayed as is. 
           
Figure 9.  Optimized 3-D structures of molecule 6, trans and cis, left and right respectively.  The 
trans conformation showing the eclipsing of the two methyl groups whereas the cis has an oxygen, 
a much smaller group comparatively. 
 
Figure 10.  3-D starting structure for molecule 6. 
           
Figure 11.  Molecule 6 optimized and starting structure, left and right respectively, shown with 




 Steric bulk is clearly a large contributor affecting the stability of each of the isomers.  
Considering molecule 3, there is some steric strain associated with the repulsion of the delta 
carbonyl and the amide methyl group.  Adding more steric bulk to the δ-position will introduce 
more unfavorable interactions between δ-substituent and the methyl group of the amide. If the 
steric bulk is increased slightly by adding a sulfur atom in place of the delta carbonyl oxygen, 
molecule 7, the trans conformation preference is slightly reduced to the 8.041 kcal/mol, a 
difference of 0.948 kcal/mol compared to the carbonyl structure 7.  It is suspected that the increased 
steric bulk of the sulfur plays a role in the decrease in trans preference, explained more in section 
1.4.3, however the change in charge and charge density also plays a role in the energy change.  By 
substituting a methylene, which has greater steric bulk, (8) for the oxygen, we observe a further 
reduction in the trans conformation with a difference in energy of 1.499 kcal/mol.  Molecule 8 
shows very strong similarities between it and molecule 4 discussed above.  This again raises the 
question of what differences the gamma methylene and oxygen moieties have.  Molecule 6, as 
previously discussed, has a delta methyl group and was shown to have a cis preference.  As 
expected, if another methyl group was added geminally, molecule 9, this delta dimethyl group 
induces much more steric strain in the trans conformation and favors the cis conformer even more 
with a difference in energy at 1.21 kcal.  It should be noted that molecule 9 does not have the same 
electronic π-conjugation but still supports the steric strain arguments and is also found to favor the 
cis conformation.  As seen in the literature, this molecule locks the proline in the cis conformation 
at temperatures below at least 60oC.2 
 By substituting an oxygen for the methylene group at the gamma position on the ring (3, 
7, and 8), the ring pucker is eliminated and it extends the available π orbital.  The effect of this 




position with and without this gamma substituted oxygen.  Molecules 4 and 8 will be compared as 
well as molecules 3 and 10, all whose 3-D structures are shown in Figure 12 below for clarity to 
the reader.   
     
       
Figure 12.  3-D structures of the trans conformers of molecules 4 (top left), 8 (top right), 10 (bottom 
left), and 3 (bottom right). 
In the comparison between molecules 4 and 8, molecule 8 has a higher preference for the trans 
conformer by 0.352 kcal/mol which is rather substantial when comparing this the thermal energy 
RT at 298 K of 0.593 kcal/mol.  As for the comparison between 3 and 10, molecule 10 is more 
stable in the trans conformation over molecule 3 by only 0.0354 kcal/mol.  These two structures 
give differing results as to whether the gamma oxygen has an effect favoring the trans conformer.  




oxygen that is present in molecule 3 does not favor the trans conformation as much as the normal 
methylene. 
1.4.3 Exchange Energy 
 The antisymmetry requirement of the Pauli principle is responsible for the exchange 
energy.30  The exchange energy, although a comparatively small contribution to the total energy 
of an optimized structure, is responsible for what is generally referred to as steric interactions; the 
repulsive exchange energy of two filled orbitals.  As a result, this increases the energy, which in 
effect, raises the exchange energy.5  By using a separate exchange functional instead of a hybrid 
exchange and correlation functional, one can obtain the exchange energy which can place steric 
interactions on a more quantitative level. The energy of each compound was calculated with the 
same optimized atomic coordinates as were found using the hybrid functional (single-point energy 
calculation), but only with the exchange portion of the B3LYP DFT functional (Becke) and no 
correlation energy.25  The difference in exchange energy was calculated simply by the difference 
in energy between the trans and cis conformations.  The results in Table 3 give interesting results.  
It can be seen in Figure 13, in molecules 3, 7, 8, 6, and 9 steric bulk increases, respectively, and 
the difference in the exchange energy between trans and cis moves closer to zero and thus closer 
to the cis conformation which is what is expected.  The only molecule whose exchange energy 
favors the cis conformation is the dimethyl variant.  This trend is interesting and supports the trend 
that is seen in the equilibrium constants, however, there are a few discrepancies which as of now 
go unexplained by this study.  In Figure 11, all the molecules have very similar steric bulk but 
have widely different differences in exchange energy.  Molecule 5 has one less hydrogen than the 
other two on the delta carbon, but this seems like a minor change to warrant such a large change 




replacement of the gamma methylene with an oxygen, and these values vary by around 15 kcal/mol 
which is quite substantial.  There is clearly some more investigation to be done in this area but will 
not be covered farther in this work. 
         
         
                                               
Figure 13.  Trans conformations of molecules 3, 6, 7, 8, and 9 shown with van der Waals radii.  
The molecules are displaced in such a way that the R group of the delta carbon increases in steric 
bulk from left to right.  The bottom right picture shows molecule 9 but rotated 90o about the red 
dashed axis to show both methyl groups more clearly. 
3 7 
8 6 




Table III.  Exchange energies of molecules 1-3 & 5-9.  Kcal/mol is shown for an easier comparison 
for the reader.  A positive delta is cis favored, negative is trans favored. 




     
1 trans -77.6838 0.023993 15.05538  
cis -77.7078 
  
     
2 trans -80.0587 0.000338 0.212204  
cis -80.0590 
  
     
3 trans -87.6559 -0.00948 -5.94872  
cis -87.6465 
  
     
5 trans -76.9664 -0.0732 -45.9352  
cis -76.8932 
  
     
6 trans -82.8752 -0.00077 -0.48475  
cis -82.8744 
  
     
7 trans -104.341 -0.00604 -3.78811  
cis -104.335 
  
     
8 trans -85.2548 -0.00265 -1.66149  
cis -85.2521 
  
     
9 trans -89.4872 0.000242 0.151668  
cis -89.4874 
  
     
 
1.3.4 Bond Order of the Peptide Bond 
 Bond order is an indication of the strength of the bond of interest.  GAMESS computes the 
bond order using a non-local approach which considers the density of the electrons over all 
molecular orbitals in the molecule.31-34  The stronger the bond, the higher the bond order.  When 
comparing the bond order of the peptide bonds, it seems there is no significant trend between trans 




all molecules are between 0.8 and 1.1 and the difference between trans and cis is very small, all 
the data is shown in Table IV below (Appendix C shows data for every bond in the molecule).  
This means that the bond order is not changing much, even when increasing the π system.  This is 
not perhaps unexpected, because the peptide bond is already included in a π system before any 
modifications.  In the case of comparing molecules 1 and 3, adding the extended π system in, the 
bond order decreases significantly in both the cis and trans conformations.  This simple observation 
shows that the stability is not increasing the bond order of the peptide bond. 
Table IV.  Bond distance and bond order of the peptide bond for molecules 1-10.  The last two 


















Cis Trans Cis Trans (Cis-Trans) (Cis-Trans) 
1 -1.327 1.369 1.367 0.997 1.014 0.002 -0.017 
2 -0.306 1.370 1.370 0.949 0.950 0.000 -0.001 
3 -8.989 1.418 1.409 0.824 0.859 0.009 -0.035 
4 -1.147 1.388 1.390 0.971 0.945 -0.002 0.026 
5 -136.948 1.386 1.374 0.975 0.995 0.012 -0.020 
6 0.079 1.383 1.380 0.986 1.006 0.003 -0.020 
7 -8.041 1.422 1.419 0.794 0.833 0.003 -0.039 
8 -1.499 1.392 1.393 0.899 0.882 -0.001 0.017 
9 1.206 1.372 1.372 0.905 0.920 0.000 -0.015 
10 -9.024 1.416 1.410 0.898 0.918 0.006 -0.020 
 
1.4 Computational Details 
Each molecule presented have each of its rotamers compared by the following equation  




Using equation 1.1, any ΔE with a negative value will be trans favored and positive will be cis 
favored. 
All the geometry optimizations and vibrational predictions in this study were using the 6-
311++G** basis set with the B3LYP density functional theory type.  The ** descriptor refers to 
the inclusion of diffuse d- and f- orbitals in the basis set.  Although diffuse functions can 
significantly increase the computational cost, they were used because they give more accurate 
approximations of the actual energy resulting from the relaxation of a hard orbital cut off and 
instead let them taper out.  In systems which are hyper conjugated, it is reasonable to use diffuse 
functions to more accurately describe the long-range interaction.  The B3LYP functional has been 
validated for a wide variety of organic molecules and has become among the most widely used 
hybrid exchange and correlation functionals.    Each molecule was optimized with a convergence 
tolerance of 10-6 ha/bohr in the geometry optimization.  Self-consistent field (SCF) convergence 
was set at 1 x 10-5 ha. 
After the energies of the different rotamers were obtained, the difference in energy were 
compared between them, which can then be used in the Boltzmann population equation, 
𝑝𝑖
𝑝𝑗
= 𝑒−(𝐸𝑖−𝐸𝑗 𝑅𝑇⁄ )     Eq. 4 
Where the pi and pj are the probabilities and Ei and Ej are the energies of states i and j respectively, 






Chapter 2: Molecular Dynamics Force Field Development and 






 Cyclic peptides have many applications in drug development due to their low potential to 
break down into toxic metabolites and their natural availability, among other things35-40.  Linear 
peptides have applications, but they also have some large drawbacks, one of the largest drawbacks 
is their ability to permeate cell walls which is due to their flexible nature and one way to restrict 
this movement is to make the peptide more rigid increasing its permittivity.  This can be 
accomplished by cyclizing the peptide.  Some cyclic peptides also have been shown to have higher 
stability as well as increased potency.41-46  Cyclisation occurs when the two ends of the amino acid 
chain form a peptide bond and can be made in different lengths, here, a cyclic pentapeptide is the 
focus. 
 Cyclic peptides are easy enough to synthesize in theory, one problem that arises is the 
yields and the reaction scales that need to be employed to make larger quantities.  The peptides 
have a chance to cyclize, reacting their own C and N termini, but they also have a chance to react 
with other peptide chains in the solution, thus forming a longer, straight chain poly peptide which 
decreases the yield of cyclic peptides.  A way to combat this is by using dilute solutions so the 
chance they will encounter another amino acid chain before auto-cyclizing is lower.  This increases 
solvent usage, waste, and results in a higher overall cost. 
Most recent efforts aimed at improving the probability of auto-cyclized peptides has 
focused on introducing modifications to one or more peptides in the chain that enhance the 
formation of loops.19  In a looped or hair-pin conformation, the C- and N- terminal ends are forced 
together thus improving the probability of autocyclization.  Numerous modifications to proline 
have been synthesized specifically designed to enhance the formation of hair-pin loops.  Proline 




cyclized ring in this amino acid.  Structures 2 and 3 in Figure 5, chapter 1, are examples of pseudo-
prolines that are further investigated in this chapter.  In this section, several pseudo-prolines and 
other native amino acids are investigated as to the ability for them to bias the peptide backbone 
into a hairpin loop conformation.  As these studies require significant statistical sampling of 
solvated peptides, the method of choice is classical Molecular Dynamics (MD).  As no MD 
forcefields existed to handle these modified prolines prior to the work described herein, these were 
generated using the DFT optimized structures as described in chapter 1. 
In this chapter a new set of CHarMM (Chemistry at HARvard Macromolecular Mechanics) 
force field14 parameters were developed, based on the DFT calculations described in chapter 1, 
and will be reported for two modified proline derivatives that were also seen as molecules 2 and 3 
in chapter 1.  Both the cis and the trans isomers of proline and each proline derivative were used 
for comparison.  This will have less of an effect on molecule 3 because of its inherent bias in the 
trans conformation but will be more important for the other molecules as they have a higher 
population in the cis conformation. 
 The use of this new force-field will be used to determine the amount of time that a short 
pentapeptide will be in a folded position, with the reactive ends close to each other, the fraction of 
time the peptides spend in the hair-pin conformation is used as a measure of the probability of loop 
formation. 
2.2 Force Field Development and Simulation Parameters 
 DFT calculations were performed on the modified prolines using the General Atomic and 
Molecular Electronic Structure System software package (GAMESS).25-26  The details of the DFT 
calculations were previously explained in chapter 1 but will be reiterated here for completeness.  




approximation (GGA) method which combines Becke, Slater, and Hartee-Fock exchange 
functionals as well as Lee Yang and Parr and Vosko-Wilk-Nusair correlation.26  This basis set is 
well validated for a wide variety of organic molecules and so fits what is needed for the current 
work.  The basis set 6-311++G** was used in the calculations.  This split valence basis set was 
used because it gives reliable results in a reasonable time frame.  Diffuse d- and f-orbital functions 
were included (the ** label) because the molecules being investigated are small and so the time 
penalty for the addition of these functions was not prohibitive.  Thus, a more accurate basis set 
was used which will allow for greater reliability, particularly in modeling longer range interactions 
such as hyperconjugation.  In larger molecules that are neutral and do not contain radicals, this 
may not be the case.  In all cases, the molecules were optimized with a convergence tolerance of 
10-6 ha/bohr in the geometry search. 
 It should be noted that the DFT optimizations were done in vacuum thus, in this case, 
solvent interactions are not included in the geometry optimization.  Partial atomic charges obtained 
from the DFT calculations were used as a parameter in the creation of the force field.  Long range 




2     Eq. 5 
where qij are the charges on the atoms, ϵ0 is the vacuum permittivity, and rij is the distance between 
atom pairs.  The essential parameter for this forcefield needed from the DFT calculations is the 
atomic charge. 
The CHarMM forcefield used in this work contains well-validated forcefield parameters 
for all naturally occurring amino acids, however, forcefields for the modified prolines studied 
herein required development.  In developing new forcefields, a balance is struck between 




similar chemical moieties that would help ensure transferability.  That is, since the goal is to build 
and model peptides containing the modified prolines and native amino acids, it is common that 
some parameters of normal proline be used for the modified prolines.  This was the approach used 
here.  The CHarMM forcefield includes 2- 3- and 4-body interactions as described below. 
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The parameters that need to be developed or adopted for the modified prolines are the equilibrium 
2-body bond lengths, 3-body bond angles, 4-body dihedral, and improper angles (each indicated 
with a super- or subscript 0 in equation 6).  Also needed are the 0 and 0 terms in the Lennard-
Jones potential and atomic charges (right-most term in equation 6).  The parameters and topologies 
used in the MD studies are included in Appendix D. 
 All MD simulations were done using NAnoscale Molecular Dynamics (NAMD) software 
package, (formerly Not Another Molecular Dynamics).47  The MD simulations were of a single 
polypeptide solvated in a water box using explicit water.  It is common for large-scale MD 
simulations to employ simulated solvent models to avoid the inclusion of massive numbers of 
atomic species.  In these studies, only small peptides were investigated so time-efficient 




The models used were FGXFG pentamer peptides where X is either proline, pseudoproline 
or oxazolidinone-proline derivatives initially constructed into the cis of trans conformation.  The 
peptides were generated with capped N- and C-termini to eliminate any electrostatic charge  
 
Figure 14.  Polypeptide 1 in the trans conformation solvated in a water box.  The green ribbon 
represents the structure of the peptide backbone.  Atoms are CPK colored besides carbon which 
are shown in teal to contrast from the background.  This picture was created using Visual 




interactions so that it does not bias the results afforded to the change of the proline.  The N-
terminus was simply left as an NH2 whereas the C terminus was capped with a methyl group.  The 
caps were selected as typical in experimental work and did not include net charges.  Each peptide 
structure was solvated in sufficient TIP-3P (transferable intermolecular potential with three points) 
explicit water to create an initial state cell of approximately 2 nm in a cubic cell.  Although the 
simulation cells were relatively small, sufficient NaCl was included to approximate physiological 
ionic strength.  Once prepared, the cells were equilibrated under constant pressure (1 atm), constant 
temperature (310K) (NPT ensemble) conditions for 0.1 nanoseconds.  Equilibrium conditions were 
found when the simulation box ceased to change volume and the potential and kinetic energies 
stabilized.  The temperature and pressure were controlled using the Langevin coupling scheme.58  
The time step used in the simulations was 1 fs.  Each of the MD simulations were typically run for 
a total of 0.1 ns to achieve equilibrium. 
Once equilibrium was achieved, the cells were simulated under NTP conditions for 
approximately 35 ns to obtain sufficient sample sets for analysis.  During the production MD runs, 
each system was run for 35,000,000 timesteps for which samples were collected every 5,000 steps 
generating 7,000 samples for analysis.  Typical wall-clock times for these 35 ns simulation times 
were on the order of 7-10 days.  This speed was enhanced due to the use of graphics processor unit 
compute engines (donated from NVIDIA corporation) in addition to 32-core servers.  The large 
data sets were analyzed for the formation of close contact of the termini of each system.   
2.3 Radial Distribution Function 
 A radial distribution function describes the probability of finding any two (or more) 
objects, in this case, the two ends of the peptide chain, at a relative separation, r.49  The radial 









          Eq. 7 
where α, β are the two particles in the pair, N/Vα is the number density of particle α.  A plot of g(r) 
vs. r provides the probability of finding particle β at the distance r + dr from particle α.  The radial 
distribution function has many applications in different areas of chemistry and physics for much 
more intricate systems, but here is used in the simplest case of only having two bodies of interest, 
namely the N- and C- termini of the pentapeptide. 
2.4 Results 
2.4.1 Radial Distribution Function Plots 
 A short 5-mer poly peptide chain of FGXFG, where X is proline, molecule 2, or molecule 
3, was used as a model compound to test the effects of the modified prolines on the folding of the 
peptide chain.  The ends of the peptide were capped and uncharged to prevent any electrostatic 
interactions that might over-bias any effects of hairpin folding resulting from the central X amino 
acid conformation.  A radial distribution function was used to see how close the two ends of the 
amino acid are, in simple terms, a normalized histogram with the distance between the two alpha 
carbons on the x axis and the y axis is the distribution. 
Each simulation results in a series of frames collected at regular time intervals which record 
the (x,y,z) coordinates of all atoms in the simulation cell.  In order to have a consistent comparison 
of the different systems which contain the central amino acid proline, 2, or 3 in either the cis or 
trans conformation, the distance between the two Cα carbons of the i-2 and i+2 residues were the 
atoms considered in the radial distribution function. 
The graphs in Figure 14 A-F show the radial distribution function plots for each of the three 
different proline moieties and their cis and trans isomers.  The length of the pentamer permits a 




conformation and no folding (hairpin or otherwise) occurring in the chain.  The greatest probability 
for all pentamers studies is constant with no folding occurring. The shortest distance found for any 
of the pentamers studied is 3.5-4 Å. This range is consistent with the N- and C- termini being 
sufficiently close to permit cyclization.   
In Figure 14 A&B, proline exhibits some differences between the cis and trans 
conformations.  The cis conformation shows a small probability of shortest distance at 
approximately 6.5 Å and 9 Å.  Polypeptide 1, which is FGPFG and has the unmodified proline 
moiety as the third amino acid in the 5-mer chain, in the trans conformation shows the closest the 
ends of the peptide get is around 3.7 Å with a gradual increase up to about 14 Å.  There are some 
sections of the curve which increase and decrease in slope, but nothing too significant compared 
to the other graphs that it is compared to.  The cis isomer has a great change in line shape as can 
be seen clearly.  The smallest distance seen is just below 6 Å which is a full 2 Å higher than the 
trans version.  This result alone yields great promise as to why it is important to stabilizing the 
trans conformer; it is showing it may be a large advantage in forming cyclic polypeptides.  Peptides 
2 and 3 show similar results in their radial distribution functions.  These features indicate that the 
cis conformation in n-proline would be unlikely to undergo cyclization.  In contrast, trans proline 
shows distances below 4 Å and is predicted to undergo cyclization.  Pseudoproline (2) appears to 
favor folding in the trans conformation but not in the cis conformation.  The Oxazolidinone proline 
(3) indicates some probability to fold into a sufficiently close contact to permit cyclization in both 
the cis and trans conformations.  Remembering back to chapter 1, where the cis/trans equilibrium 
was found between the different moieties, molecule 3 has a substantially higher favoring of the 




allow close contact, the thermodynamic probability of forming cis conformers is negligible.  


























































































































Figure 15 (A-F).  Each radial distribution graph is labeled with the peptide and which conformation 
the peptide was in when starting the simulation.  The height of the peak represents the probability 
of the Cα on the i-2 residue and the Cα on the i+2 residue.  It should be noted that the y-axis varies 




























































This is not too surprising given that the parameters from the geometry optimization are 
similar.  In the trans conformation, both graphs show a fairly large portion of the simulation time 
spent below about 6.5 Å.  Above this there is a dip in the graph, signifying a low probability of 
finding the polypeptide in this type of state.  This is interesting because it shows that, unlike the 
unmodified proline, it looks to be a two-state system: the second state clearly being around 12 Å.  
This dip may signify that there is an activation barrier between the two states and depending on 
that energy, may be a useful piece of information.  This was not, however, further explored in this 
study.  There is also a large difference in the cis conformation as well.  There is now some area 
under the curve below 6 Å down to about 4 Å as opposed to the unmodified cis which has virtually 
none.  When comparing these results, it is not only important to look at the graphs themselves but 
also considering the results from chapter one.  The modified prolines have a clear difference in the 
radial distribution graphs and, making this result more interesting, the trans isomer is much more 
favored over the cis for molecule 3.  Also, something worth noting, but not at all unexpected, is 
that the trans and cis isomers did not swap at any point in any of the simulations.  Clearly the 
reason for this is that the peptide bond has a large rotation barrier, likely due to significant double 
bond character. 
Based on these results, it is concluded that although the n-proline can form (in 
approximately equal fraction) both the cis and trans conformations, for this pentapeptide only, the 
trans conformation is predicted to form a sufficiently close contact to undergo cyclization.  The 
pentapeptide with pseudoproline, with a similar cis/trans equilibrium is likewise predicted to be 
more favorable for cyclization in the trans conformation.  In contrast to these two, the pentapeptide 




conformation, but since it is found that the trans conformation dominates the equilibrium, the trans 












 Phthalonitriles are an interesting class of compounds which are used in the synthesis of 
phthalocyanines.  Phthalonitriles are easily derivatized and these derivatives can be converted into 
phthalocyanines (Pcs).  The derivations can have substantial effects on the physical and chemical 
properties of the Pc molecules.  Phthalocyanines are highly aromatic, highly symmetric molecules 
derived from 4 phthalonitrile units.  A metal atom can be inserted into a phthalocyanine, yielding 
a metallo-phthalocyanine, and depending on the metal, the molecule exhibits different 
characteristics.  Phthalocyanines have many different applications from photovoltaics to 
electrochromism devices to chemical sensors.50-57  They also have great stability which 
accompanies their extraordinary properties. 
 Phthalonitriles, and variants of them, can be studied to give some insight to the properties 
of the phthalocyanines.  The variations studied here were conceived of and synthesized by Marius 
Pelmus in Dr. Gorun’s research group at Seton Hall University.  The synthetic route starts with 
tetrafluorophthalonitrile and the modifications made were additions of perfluoroisopropyl groups 
in place of the aromatic fluorines which are all depicted below in Figure 14.  The phthalocyanine 
derived from tetrafluorophthalonitrile (1) tends to aggregate in solution and so the iso-C3F7 groups 
were put on the aromatic ring to prevent this aggregation and help solubilize the molecules.  There 
are also amino functionalized fluorinated phthalonitriles in this study.  The amino moiety replaced 





Figure 16.  Suite of molecules used in this study. 
3.2 Methodology 
3.3.1 Geometry Optimization 
To obtain reliable vibrational data the 6-311++G** basis set was used along with B3LYP 
as the DFT functional and the restricted open Hartree-Fock method (ROHF) for both the geometry 
optimization and the vibrational calculations.  Each molecule shown in Figure 14 were optimized 
along with all possible rotamers to make sure the molecules were in their lowest energy 
conformation and only the lowest energy conformation was used in the vibrational and excitation 
studies.  The geometry optimization gradient tolerance was set at a cut off energy change of 1x10-
4 Hartrees/bohr.  The experimental data were obtained via XRD and were provided by Marius 





3.3.2 IR spectra Computational Details 
The calculated vibrational spectra were calculated using B3LYP/6-311++G** and ROHF.  
The vibrational spectra intensity were normalized to 1 absorbance unit and the wave numbers were 
scaled by 0.9562, which accounts for the anharmonic vibrations that are not accounted for in a 
normal hessian calculation.59  The experimental results were obtained via KBr pellet, and provided 
by Marius Pelmus of Dr. Gorun’s research group at Seton Hall University and more details are 
shown in the recent publication.58 
3.3.2 UV-Vis Spectra Computational Details 
Calculated UV-Vis spectra shown in this study were produced using Time dependent DFT 
(TDDFT), B3LYP DFT functional, and 6-311++G** basis set.  The restricted open Hartree-Fock 
(ROHF) method was replaced with restricted Hartree-Fock (RHF) due to necessity in the 
GAMESS code when calculating excited state calculations.  Polarizable continuum model (PCM) 
was used in order to approximate solvent effects from acetonitrile.  The experimental details are 
shown in the recent Pelmus et. al. publication.58 
3.3 Results 
3.2.1  Geometry optimization 
 Geometry optimizations were carried out on each of the seven molecules before the 
vibrational and excitation properties were calculated.  All possible rotamers were also minimized 
to find the global minimum for the molecule.  Figure 15 below shows 1-7 with each atom labeled 
which correspond to the Tables V-XI which show all the bond lengths experimentally through 
XRD and theoretically predicted structures, excluding the iso-propyl groups.  The comparison 
between the XRD data and the theoretical predictions validates the level of approximation from 




VII) being 0.101 Å apart.  The average difference between the XRD and calculated bond lengths 
is 0.0136 Å with a standard deviation of 0.0146 Å and the average percent error over all the values 
is 1.018%. 
 





Table V.  Calculated and experimental XRD bond lengths for 1. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.417 1.405 0.012 
 C(2) C(3) 1.394 1.375 0.019 
 C(3) C(4) 1.393 1.373 0.020 
 C(4) C(5) 1.390 1.369 0.021 
 C(5) C(6) 1.392 1.379 0.013 
 C(6) C(1) 1.394 1.368 0.026 
      
C≡N C(7) N(1) 1.153 1.135 0.018 
 C(8) N(2) 1.153 1.134 0.019 
      
C-CN C(1) C(7) 1.426 1.438 0.012 
 C(2) C(8) 1.425 1.428 0.003 
      
C-F C(3) F(1) 1.330 1.334 0.004 
 C(4) F(2) 1.328 1.331 0.003 
 C(5) F(3) 1.327 1.330 0.003 
 C(6) F(4) 1.330 1.329 0.001 
 
Table VI.  Calculated and experimental XRD bond lengths for 2. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.400 1.372 0.028 
 C(2) C(3) 1.392 1.340 0.052 
 C(3) C(4) 1.401 1.411 0.010 
 C(4) C(5) 1.431 1.463 0.032 
 C(5) C(6) 1.401 1.358 0.043 
 C(6) C(1) 1.392 1.344 0.048 
      
C≡N C(7) N(1) 1.153 1.181 0.028 
 C(8) N(2) 1.153 1.136 0.017 
      
C-CN C(1) C(7) 1.426 1.438 0.012 
 C(2) C(8) 1.426 1.436 0.010 
      
C-F C(3) F(1) 1.333 1.348 0.015 





Table VII.  Calculated and experimental XRD bond lengths for 3. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.420 1.384 0.036 
 C(2) C(3) 1.422 1.411 0.011 
 C(3) C(4) 1.416 1.393 0.023 
 C(4) C(5) 1.398 1.379 0.019 
 C(5) C(6) 1.387 1.378 0.009 
 C(6) C(1) 1.402 1.399 0.003 
      
C≡N C(7) N(1) 1.153 1.109 0.044 
 C(8) N(2) 1.153 1.121 0.032 
      
C-CN C(1) C(7) 1.434 1.437 0.003 
 C(2) C(8) 1.436 1.433 0.003 
      
C-F C(5) F(1) 1.336 1.437 0.101 
 
Table VIII.  Calculated and experimental XRD bond lengths for 4. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.420 1.382 0.038 
 C(2) C(3) 1.413 1.412 0.001 
 C(3) C(4) 1.387 1.376 0.011 
 C(4) C(5) 1.392 1.380 0.012 
 C(5) C(6) 1.387 1.368 0.019 
 C(6) C(1) 1.413 1.416 0.003 
      
C≡N C(7) N(1) 1.153 1.139 0.014 
 C(8) N(2) 1.153 1.136 0.017 
      
C-CN C(1) C(7) 1.433 1.444 0.011 
 C(2) C(8) 1.434 1.458 0.024 
      
C-F C(4) F(1) 1.330 1.325 0.005 





Table IX.  Calculated and experimental XRD bond lengths for 5. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.419 1.418 0.001 
 C(2) C(3) 1.387 1.375 0.012 
 C(3) C(4) 1.403 1.408 0.005 
 C(4) C(5) 1.399 1.402 0.003 
 C(5) C(6) 1.385 1.374 0.011 
 C(6) C(1) 1.397 1.388 0.009 
      
C≡N C(7) N(1) 1.154 1.148 0.006 
 C(8) N(2) 1.153 1.141 0.012 
      
C-CN C(1) C(7) 1.422 1.428 0.006 
 C(2) C(8) 1.427 1.437 0.010 
      
C-N C(4) N(3) 1.365 1.340 0.025 
      
C-F C(3) F(1) 1.346 1.347 0.001 
 C(5) F(2) 1.344 1.345 0.001 





Table X.  Calculated and experimental XRD bond lengths for 6. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.420 1.412 0.008 
 C(2) C(3) 1.383 1.383 0.000 
 C(3) C(4) 1.413 1.406 0.007 
 C(4) C(5) 1.405 1.410 0.005 
 C(5) C(6) 1.388 1.370 0.018 
 C(6) C(1) 1.394 1.385 0.009 
      
C≡N C(7) N(1) 1.155 1.151 0.004 
 C(8) N(2) 1.153 1.151 0.002 
      
C-CN C(1) C(7) 1.421 1.430 0.009 
 C(2) C(8) 1.427 1.432 0.005 
      
C-N C(4) N(3) 1.360 1.348 0.012 
      
C-F C(3) F(1) 1.349 1.348 0.001 
 C(5) F(2) 1.346 1.342 0.004 





Table XI.  Calculated and experimental XRD bond lengths for 7. 
Type Atom Number Calculated (Å) Experimental (Å) |δ| (Å) 
C⎓C C(1) C(2) 1.417 1.408 0.009 
 C(2) C(3) 1.389 1.379 0.010 
 C(3) C(4) 1.415 1.417 0.002 
 C(4) C(5) 1.411 1.404 0.007 
 C(5) C(6) 1.387 1.374 0.013 
 C(6) C(1) 1.394 1.385 0.009 
      
C≡N C(7) N(1) 1.154 1.143 0.011 
 C(8) N(2) 1.154 1.145 0.009 
      
C-CN C(1) C(7) 1.422 1.433 0.011 
 C(2) C(8) 1.427 1.444 0.017 
      
C-N C(4) N(3) 1.37 1.359 0.011 
      
C-F C(3) F(1) 1.345 1.346 0.001 
 (5) F(2) 1.344 1.345 0.001 
 C(6) F(3) 1.334 1.340 0.006 
 
 Molecules 5-7 are all the amine containing compounds and they introduce an extra π orbital 
on the nitrogen which interacts with the aromatic ring.  As the steric bulk of the amino R groups 
increases from the least bulky NH2 to NHCH3 to the bulkiest N(CH3)2, the planarity of the dihedral 
between the amino R groups and the aromatic ring diminishes, as expected.  The XRD data gives 
dihedral angles of the R-N-C-C as 1.67o and 33.43o for 6 & 7.  This rotation weakens the nitrogen’s 
π orbital interaction with the aromatic ring, where the maximum overlap would be a dihedral angle 
of 0o and the minimum overlap would be 90o where the π-orbital on the nitrogen would have no 
total overlap with the ring π system.  The geometry optimization gives dihedral angles of 6.15o 
and 32.18o for 6 & 7.  It should be noted that the amino groups took on a shape that is not 




3.2.2 Vibrational Spectra Theoretical Predictions 
 Figure 15A below shows the experimental IR spectrum (top) and the normalized 
theoretically predicted vibrational spectra (bottom) of molecule 1 which were recently reported by 
Pelmus et. al.58  The wavenumbers show good correlation between the experimental and theoretical 
which is shown in the inset graph of Figure 15.  The plot shows the coefficient of determination 
as 0.9974 with a slope of 0.994 and a y-intercept of 12.1 cm-1.  In Figure 15 A-G, the fit coefficients 
of all the studied compounds range between 0.9639 and 1.0971 and y-intercept values ranging 
from -52.1 to 25.4 cm-1.  Although the slopes of the comparison plots are in good agreement, the 
differences between the experimental and computational absolute mode frequencies could be due 
to a several causes.  One could be that the experimental data was acquired via KBr pellet which 
may augment the shifts since they are recorded in the solid phase and the calculated were in 
vacuum.  Another reason could be that the harmonic approximation used in the calculation can be, 
and often is, at variance with the anharmonic potential is molecular bonds.  Seeing as the basis set 
and DFT functional that were used afforded good results, this was not seen as needed as more 
exact approximations impact the computational time significantly. 
The CN stretch in these series of spectra have another interesting result.  In the 
Tetrafluorophthalonitrile (1) IR spectra there is a clear peak whereas in molecules 2-4 (Figure 18 
B-D) the intensity of the CN stretch is drastically reduced.  This reduction in intensity has been 

























Figure 18.  Experimental (top) and calculated (bottom) IR spectra are show for molecules 1-7 (A-
G). 
3.2.3 Excited State UV-Vis Spectra Theoretical Predictions 
Figure 17 A-G below shows experimental and calculated UV-Vis spectra for each molecule 
1-7 (A-G).  The theoretically predicted peaks do not match perfectly but can be explained by errors 
in the experimental data versus the approximations used in theoretical predictions.  Phthalonitriles 
are known to form dimers in solution which can shift the electronic properties.  Also, the 
experimental data were solvated whereas the calculations were done in vacuum; solvent effects 
may also play a role in shifting the center of the peaks.  What it does predict well is the number of 





spectra were used as a basis of confirmation for classification of the series of these molecules.  The 


















































































Figure 19.  Comparisons between the experimental and computationally predicted UV-Vis spectra 










































































































Appendix A: Quantum Mechanics and Density-Functional Theory 
A.1 Schrödinger Equation and Hamiltonian 
Quantum mechanics and density-functional theory (DFT) were used in this study to 
determine the energies of the molecules in question.  The biggest leap in being able to describe 
molecular systems using quantum theory was density-functional theory.  In quantum mechanics, 
the Hamiltonian operator ?̂? when operated on the wavefunction, gives the energy out as seen in 
equation A1.1.61 
?̂?𝛹 = 𝐸𝛹        (A.1) 
   
(A.2) 
 
When dealing with many electron atoms or molecules, one can get an antisymmetric electron 







|     (A.3) 
Where n is the number of elements in the matrix and each element describes a spin-orbital, for 
example, 










𝑎0⁄    (A.4) 
Which describes an electron in the 1s orbital with spin α where Z is the charge of the nucleus and 
a0 is the Bohr radius.
62  According to the Pauli principle, no more than one electron may occupy 
the same spin-orbital.  If two electrons occupy the same spin orbital, the two columns of the matrix 




1s orbital, so the Pauli exclusion principle is obeyed, a third electron must be put into the next 
lowest energy orbital the 2s. 
A.2 Hartree-Fock Operator and Wave Functions 
 These wavefunctions that are determined by the Slater determinate can be improved by 
modifying the wave functions.  Physicists Hartree and Fock discovered a procedure for the best 
forms for orbitals.  The Hartree-Fock wave function is an antisymmetrized product of the best 
possible orbitals.  For each state, there is a single Hartree-Fock wave function, Φi, which satisfy 
the equation63 
      ?̂?Φ𝑖 = 𝜖𝑖Φ𝑖           (A.5) 
Where ?̂? is the Hartree-Fock operator, Φi is the spatial orbital of the three spatial coordinates, and 
𝜖𝑖 is the energy of the orbital i.  The genius of this is, the operator ?̂? is not known at the start and 
one must start with an initial guess for the orbitals to then find ?̂?.  Then this initial ?̂? is used to 
find an improved spatial orbital, which can be then used to solve for a more improved ?̂?, and so 
on and so forth, until no significant changes in the orbitals are found from one step to the next. 









2 + ?̂?𝑥⁡     (A.6) 
Where 𝛷𝑗 is the orbital occupied by a hypothetical electron cloud, ɛ0 is the electric constant, ∇𝑖
2 is 
the Laplacian operator, and me is the mass of an electron, -e is the charge on an electron, and ri is 
the distance between the electron and the nucleus.  The first term in this operator is the kinetic 
energy, the second is the potential energy, the third is the electron-electron repulsion, and ?̂?𝑥 is the 
exchange energy operator.  The exchange energy operator makes sure the orbitals are 




The Hartree-Fock orbitals are made up of a linear combination of basis functions and were 
showed first by Roothaan in 1951. 
𝛷𝑖 =⁡∑ 𝑏𝑘𝑔𝑘𝑘             (A.7) 
Where g are the basis function and b is the weighting factor.  Each Hartree-Fock orbital is made 
up of the same sum, with only b differing between them.  A common basis set used for Hartree-
Fock calculations are called Slater-type orbitals, STO (which later are largely replaced by gaussian 
functions and is discussed below).  The orbitals have the form Gn(r)Θlm(θ)Φm(ϕ) where Θlm(θ) 
and Φm(ϕ) are both the same functions of hydrogen type orbitals and, 
𝐺𝑛(𝑟) = 𝑁𝑟
𝑛−1𝑒−𝜉𝑟 𝑎0⁄          (A.8) 
Where N is a normalization constant, n is the principle quantum number, and 𝜉 is a variational 
parameter.  Given a valid set of quantum numbers and all possible positive 𝜉, this will give a set 
of STOs.  Hartree-Fock orbital should be made up of infinite number of basis functions but a 
Hartree-Fock orbital can be accurately approximated using only a few STO's which makes this 
approach practical.  Nowadays Hartree-Fock orbitals have been calculated for most of the elements 
on the periodic table and can be used for modeling.  Again, these Hartree-Fock wavefunctions are 
merely approximations to the actual wavefunction but they are immensely more accurate than 
hydrogen like orbitals.  One downfall of these orbitals is that the electrons are not actually smeared 
out in a static distribution around the orbital but rather change and interact with one another 
simultaneously.  A wavefunction such as these will not approximate these energies correctly.  This 
means the true wave function cannot be expressed as an antisymmetrized product of orbitals.  The 
error in energy that arises from these interactions is called the correlation energy and the Hartree-
Fock wavefunction completely neglects this instantaneous interaction between the electrons.  One 




configuration functions, Ψorb,j, the true wave function is expressed as a linear combination shown 
in the following,  
Ψ = ∑ 𝑎𝑗Ψ𝑜𝑟𝑏,𝑗𝑗      (A.9) 
What these configuration functions do is when calculating a Hartree-Fock ground state 
wavefunction, unoccupied excited state orbitals also contribute to the total wave function.  
Unfortunately, this summation may be a linear combination of more than one thousand states to 
give an accurate representation of the total wavefunction which is very computationally 
demanding. 
A.3 Hohenberg & Khon Theorem & Kohn-Sham Orbitals 
Two papers in the 1960s revolutionized the way calculations were done.  The first being a 
paper by French-American theoretical physicist Pierre Hohenberg and Austrian physical chemist 
Walter Kohn,64-65 and the second by Kohn and Chinese physicist Ju Jeu Sham.66  In density 
functional theory the electron probability density ρ(x, y, z) is used instead of the molecular 
wavefunction.  The theorem proved by Hohenberg and Kohn states, 
The energy and all other properties of a ground state molecule are uniquely determined by the ground state 
electron probability density, ρ. 
What this essentially means is that the electronic ground state, 𝐸𝑔𝑠 is a functional of 𝜌(𝑥, 𝑦, 𝑧) as 
shown in 
𝐸𝑔𝑠 = 𝐸𝑔𝑠[𝜌(𝑥, 𝑦, 𝑧)] = 𝐸𝑔𝑠[𝜌]               (A.10) 
This was a large breakthrough but unfortunately this ground state energy functional is unknown 
and the Hohenberg-Kohn theorem does not give us a pathway to calculate 𝐸𝑔𝑠 or how to find 𝜌 but 
was remedied by the second paper by Kohn and Sham.  This method uses a reference system which 




electrons as the molecule in question but differs in two key ways.  First, the electrons in the 
reference system do not act on one another and secondly, each electron in the reference system 
experience a potential energy, 𝜈𝑠, that is the same function for each of the electrons which yields 
a way to make the reference system electron probability density equal to the ground state electron 
probability density in the actual molecule, thus, 
𝜌 = 𝜌𝑠        (A.11) 
The form of the potential energy expression is not known and in the reference system electrons do 
not experience attraction to the nuclei as they do in real molecules.  The Hamiltonian of this 





2 + ∑ 𝜈𝑠(𝑥𝑖, 𝑦𝑖, 𝑧𝑖)
𝑛







2 + 𝜈𝑠(𝑥𝑖, 𝑦𝑖 , 𝑧𝑖)       (A.13) 
This Hamiltonian is the one electron Kohn-Sham Hamiltonian which thus is used in the same form 





𝐾𝑆           (A.14) 
Where 𝜃𝑖
𝐾𝑆 are the Kohn-Sham orbitals and are eigenfunctions of ℎ̂𝑖
𝐾𝑆 and gives the eigenvalue of 
energy of the orbital, 𝑖
𝐾𝑆.  Similarly to how 𝜓2 give probability density of finding an electron in 
a certain range, |𝜃𝑖
𝐾𝑆|2 gives the probability density of the Kohn-Sham orbital I and the sum of the 
squares of the orbitals in turn gives the total density 𝜌. 
 To get the ground state energy, Ee, the average electron kinetic energy, 〈𝐾𝑒,𝑠〉, average 




internuclear repulsion energy, 𝑉𝑁𝑁, and the exchange-correlation energy, 𝐸𝑥𝑐 are summed 
together. 
𝐸𝑒 = 〈𝐾𝑒,𝑠〉 + 〈𝑉𝑁𝑒〉 + 𝐽 + 𝑉𝑁𝑁 + 𝐸𝑥𝑐       (A.15) 
The exchange and correlation energy described here is an important energy that will be discussed 
in the following sections as it is the basis for why density functional theory is needed.  Now, 
finding the Kohn-Sham orbitals, 𝜃𝑖
𝐾𝑆, can be done because since 𝜌 is determined by 𝜃𝑖
𝐾𝑆, it is 
possible to minimize 𝐸𝑒 by varying 𝜃𝑖
𝐾𝑆. 
A.4 Density Functional Theory 
 The exchange and correlation energies, for practical computations, is not achievable 
therefore, approximations must be made in order to get close to the correct energy.  To do this, 
local-density theory (LDA) was used.  LDA calculates Exc based on the electron density (𝜌) at each 
point in space as shown in the equation below67 
𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝑟) 𝑥𝑐(𝜌)𝑑𝑟           (A.16) 
where 𝑥𝑐 is the exchange and correlation energy of a uniform electron gas.  This approximation 
works well for systems at which 𝜌 does not vary quickly over a space and it often over binds 
molecules.68 
 To make a more accurate description of the atomic orbitals, instead of assuming a uniform 
distribution of elections in the orbital cloud, the generalized-gradient approximation (GGA) was 
discovered which yield better approximations of the energies of the orbitals.  This was 
implemented first by Becke.  Becke a few years later implemented another improvement upon the 
electron density gradient by adding in a term of 𝑎𝐸𝑥
𝐻𝐹 which is the Hartreee-Fock exchange energy 




adjustable empirical parameter to help tune the energy to yield the best possible results.    This 
type of approximation is called a hybrid-GGA due to it being a mix between 𝐸𝑥𝑐
𝐺𝐺𝐴 and 𝐸𝑥
𝐻𝐹. 
In the research completed in this dissertation, the B3LYP DFT functional was used in all 
calculations due to its accuracy, speed, and widespread use.  B3LYP Is a mixture of the Becke 
exchange functional mixed with the Lee, Yang, and Parr (LYP) correlation energy which is also a 
GGA type approximation (𝐸𝑐
𝐺𝐺𝐴).  Many different functionals have been created over time, some 
better than others at specific tasks, and some more general for decent approximations for a large 
variety of areas. 
A hierarchy of functionals can be made with the more accurate functionals having a penalty 
of time taken to complete the computation.  The lowest level of approximation is LDA which as 
stated above assumes an equal election distribution over the entire orbital.  The next step up from 
LDA is a GGA functional.  GGA Functionals impart a density gradient across the electron orbitals.  
Meta-GGA functionals are a little more accurate and are the same as GGA functional but they 
include non-interacting kinetic energy density.  This kinetic energy density is input into the 
functional along with the electron density and its gradient.  The hybrid functionals are a mix of 
GGA and exact exchange.  This is very accurate but also is more costly in computational time due 
to the nature of exact exchange being non-local, so it depends on both the election and the density 
matrix.  The best approximation, fully non-local functionals, are also the costliest.  They not only 
include occupied KS orbitals, but also unoccupied KS orbitals 
A.5 Born-Oppenheimer Approximation 
The Born-Oppenheimer approximation freezes the nucleus’ positions in space.  In a 
quantum framework, this is not true which is why it is an approximation, but it helps to greatly cut 




approximation because the electrons are moving so fast when compared to the large, heavy nuclei 
that the nuclei can be considered to be stationary.69  The Hamiltonian of a many-body system 
containing M nuclei and N electrons, neglecting spin-orbit and other relativistic interactions is 
where α and β are each of the M nuclei and i and j denote each of the N electrons.  The first and 
second terms of the Hamiltonian are the kinetic energy of the electrons and nuclei, respectively.  
The other terms are electrostatic attraction between the electrons and the nuclei and the electron-
electron and nuclei-nuclei electrostatic repulsion.  The Schrödinger equation will then look like 
the following for the system,70 
?̂?𝜓(𝑞𝑖, 𝑞𝛼) = 𝐸𝜓(𝑞𝑖, 𝑞𝛼) 
where q represents coordinates.  From here we will consider the A.16 as if the nuclei are fixed 
relative to the electronic motion.  To do this we may separate the Hamiltonian into a few 
component parts which yields, 
(?̂?𝑒𝑙 + ?̂?𝑁 + 𝑉𝑁𝑁)𝜓𝑒𝑙 = 𝑈𝜓𝑒𝑙    (A.18) 










𝑖𝛼 − ∑ ∑
𝑒2
4𝜋 0𝑟𝑖𝑗
𝑖>𝑗𝑗           (A.19) 









𝛼 +𝑈(𝑞𝛼)        (A.20) 
?̂?𝑁𝑁 is the nuclear repulsion Hamiltonian, 




𝛽>𝛼𝛼     (A.21) 
Thus, the Born-Oppenheimer treatment of the Schrödinger equation would be the following, 






Appendix B: Molecular Dynamics 
B.1 Introduction 
Molecular dynamics essentially gives the availability to model systems over time on the 
molecular level.  One main use of this is to be able to provide insight to bulk properties, i.e. inter 
and intra molecular interactions, 3-dimensional conformations, etc.  These simulations help to 
bridge the gap between micro time scales and the macroscopic view of chemical behavior.  
Molecular dynamics is great at getting a glimpse into something without spending the money and 
time to invest into doing the experiment, and also is great at giving insight into a system that may 
not be easily achievable, for example, high pressure or high temperature.  Given that computer 
power has skyrocketed over the last few decades, molecular dynamics simulations are becoming 
more and more common and are also giving more available to answer more complex questions. 
Monte Carlo simulations saw large success and molecular dynamics was soon to follow.  
Molecular dynamics was introduced in the late 1950s to study the interactions of hard spheres by 
Alder and Wainwrite.71-72  This was later used for the simulation of liquid argon in the first 
chemical use of a molecular dynamics simulation in 1964 and then later with some modifications 
on liquid water in 1974.73-74  The modifications made were addition of the all-important hydrogen 
bond interactions as well as van der Waal’s interactions.  This was developed even farther in 1977 
with the first protein simulation of bovine pancreatic trypsin inhibitor.75  Molecular mechanics is 
often used in molecular dynamic simulations because of their much lower computational cost than 
quantum mechanical methods.  Molecular mechanics is based on classical methods and is why the 




B.2 Classical Mechanics 
Molecular mechanics, molecular dynamics (MMMD) simulations rely on the classical 
equations of motion for their predictive power.  Integrating the equations of motion gives positions, 
velocities, and acceleration.  Given this information, it is easy to see that every event either in the 
past or future may be calculated, a staunch difference from the quantum world.  One of Newton’s 
most famous equations, 
                                                                      𝐹𝑖 = 𝑚𝑖𝑎𝑖                                                             (B.1) 
where Fi is force exerted on particle i, mi is the mass of a particle i, and ai is the acceleration of 
particle i.  Force on a particle may also be expressed as the following, 
                                                                  𝐹𝑖 = −𝛻𝑖𝑉                                                           (B.2) 
where 𝛻𝑖𝑉 is the gradient of the potential energy, 𝑉.  If equation B.1 is substituted into B.2, it 
yields, 
                                                               𝑚𝑖𝑎𝑖 = −𝛻𝑖𝑉        (B.3) 
And thus, 






       (B.4) 
What this means is that the derivative of the potential energy is related to the change in position 
as a function of time.  A trajectory can be calculated from this using only the initial positions, 
velocity distribution, and accelerations by using the following equation 






                                              (B.5) 
If acceleration is constant, then 
                                                                      𝑎 =
𝑑𝑣
𝑑𝑡
                                                              (B.6) 




                                                                   𝑣 = 𝑎𝑡 + 𝑣0                                                        (B.7) 
and it is known that 
                                                                    𝑣 =
𝑑𝑥
𝑑𝑡
                                                               (B.8) 
which can be substituted into equation (B.7) and integrated with respect to time yield 
                                                                   𝑥 = 𝑣𝑡 + 𝑥0                                                         (B.9) 
and now, B.7 can be substituted into B.9 and this yields, 
                                                                𝑥 = 𝑎𝑡2 + 𝑣0𝑡 + 𝑥0                                                (B.10) 
B.3 Non-Bonded Interactions 
Molecular dynamics uses force fields to determine the potential energy of the system at 
any given point in time.  One such force field, which was used in this thesis, is the CHarMM force 
field developed by Martin Karplus.14  The Lennard-Jones potential is the most commonly used 
potential for non-bonded interactions.76  Given as 










]                                          (B.11) 
where 𝜎 is the diameter of the particle,  is the depth of the well, and r is the distance between it 
and another particle.  The Lennard-Jones potential gives a potential energy between particles as a 
function of distance.  This potential does not include electrostatic potentials as they are stronger 
and require different treatment.  To handle such interactions, Coulomb’s potential is required as 
shown in equation (B.12) 
                                                           𝑉𝐶𝑜𝑢𝑙𝑜𝑚𝑏(𝑟) =
𝑄1𝑄2
4𝜋 0𝑟
                                       (B.12) 
where 𝑄1 and 𝑄2 are the charges on particles 1 and 2 respectively, 0 is the permittivity of free 
space, and 𝑟 is the distance between the two particles.  As is fairly obvious and stated previously, 




B.4 Bonding Potentials 
The bonding potential energy used by the CHARMM force field is given by 














                                                 +∑ 𝑘𝑢(𝑢 − 𝑢0𝑈−𝐵 )
2      (B.13) 
and each term will be explained below.  The first term is the bond potential between two atoms.  
𝑘𝑏 is the bond force, similar to a spring constant (which will be the same for the following k 
constants, 𝑟 is the bond length and 𝑟0 is the equilibrium bond length. 
This term is responsible for the bond length and the vibrations of the two atoms.  The 
second term is the bond angle potential between three atoms.  The 𝑘𝜃 is the angle force constant, 
𝜃 is the angle, and 𝜃0 𝑘𝑏, 𝑘𝜃, 𝑘𝜙, 𝑘𝜔, and 𝑘𝑢 are all defined constants for bonds, angles, dihedral 
angles, improper angles which is the out of plane rotation, and lastly the Urey-Bradley constant 
(discussed below) respectively.  These can be thought of like spring constants for their respective 
property. 𝑟, 𝜃, 𝜔,⁡and 𝑢 are the bond distance, angle, dihedral, and the distance between atoms that 
are two away from each other and the same can be said for 𝑟0, 𝜃0, 𝜔0, and 𝑢0 accept these are the 
equilibrium parameters. In the third term for the dihedral angle, n is the multiplicity of the angle, 
𝜙 is the dihedral angle, and 𝛿 is the phase shift.  The Urey-Bradley component accounts for cross-




B.5 Integration algorithms 
Since the potential energy of a system is a function of the atomic positions, being able to 
do integrations of the system as fast as possible is a big advantage.  This is due to the large number 
of atoms that could potentially be in the system and thus large number of positions.  There are 
several numeric algorithms in existence today to try and solve these integrations as fast as possible 
some of which include the Verlet,77-78 leap-frog,79 velocity Verlet,80 and Beeman’s algorithms,81-
82 each of which have their own advantages and disadvantages.  Some things all the algorithms 
must do is conserve both momentum and energy, allow a long-time step for integration, and also 
be computationally efficient.  Every algorithm mentioned above approximates the positions, 
velocity, and acceleration by a Taylor series expansion as shown in the equation below, 
𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1
2
𝑎(𝑡)𝛿𝑡2+. . . 
𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) + 𝑎(𝑡)𝛿𝑡 +
1
2
𝑏(𝑡)𝛿𝑡2+. . . 
𝑎(𝑡 + 𝛿𝑡) = 𝑎(𝑡) + 𝑏(𝑡)𝛿𝑡+. ..                    (B.14) 
where in all the equations 𝑡 is time, 𝑟 is the position, 𝑣 is the velocity, 𝑎 is acceleration.  Remember 
that velocity and acceleration are the first and second derivatives of position with respect to time.  
The NAMD software package using the Verlet method of integration which will is described 
below. 
B.6 The Verlet Algorithm 
The Verlet algorithm was developed in 1967 by Verlet.77-78  The method is based on 
positions at time 𝑡 and 𝑡 − 𝛿𝑡 as well as the acceleration.  The following equation is used for 
advancing the positions of the particles, take notice of how velocity is not used, 








       (B.16) 
to be used for estimating the kinetic energy so it can be included into the total energy. 
B.7 Statistical Mechanics 
Statistical mechanics is a way to take a microscopic system’s information and apply it to 
macroscopic systems.  Statistical mechanics can help predict information about systems that are 
in equilibrium which is referred to as statistical thermodynamics which provides the mathematical 
relation between the molecular dynamics simulation and macroscopic experimental observations.  
The following sections will give short explanations of key components of statistical mechanics. 
B.8 Ensembles 
Ensembles are essentially a collection of all possible microstates of a system that have the 
same thermodynamic state.  This means that it represents a probability distribution for a specific 
thermodynamic state of a system.  Each ensemble has different constraints that are placed on a 
system.  The microcanonical ensemble has constant number of particles, N, constant volume, V, 
and constant energy E.  The canonical ensemble constant N and V as in the microcanonical but 
has constant temperature, T, instead of constant V.  The grand canonical ensemble has constant V, 
T and constant chemical potential, μ.  Lastly the isothermal-isobaric ensemble has constant N, T, 
and P.83 
To get macroscopic information, they are defined as averages of the ensemble.  The way 
this is defined is as follows 
⟨𝐴⟩𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 =  𝑑𝑝
𝑁𝑑𝑟𝑁𝐴(𝑝𝑁 , 𝑟𝑁) 𝜌(𝑝𝑁 , 𝑟𝑁)         (B.17) 
where A(pN,rN) is the desired observable and is expressed as a function of momentum and position 




































]   (B.18) 
where H is the Hamiltonian, kb is Boltzmann’s constant, and Q is the partition function as shown 
in the below equation 
𝑄 =  ∫ ∫𝑑𝑝𝑁𝑑𝑟𝑁 𝑒𝑥𝑝 [
−𝐻(𝑝𝑁,𝑟𝑁)
𝑘𝑏𝑇
]   (B.20) 
which covers all possible states of the system.  The calculation of this integral is computationally 
demanding and thus is approximated using assumptions.  One assumption is that random processes 
that are of interest are stationary with respect to time, for example, a probability distribution 
function does not depend on shifting the time origin.  This assumption is called the ergodic 
hypothesis.  If a large number of observations at M instants of time are made on a system, the same 
statistical properties can be seen by looking at a large number of systems M at the same instant in 
time experimentally.  This then allows the ensemble average (the observable) to be determined as 
an average over time of the simulation as shown in the equation 
 
 
      (B.21) 
where M is the number of time steps in the simulation, t is the total time of the simulation, and 
A(pN, rN) is the value of the observable. 
B.9 Temperature and Pressure Control 
Temperature and pressure are without question important factors in chemical systems.  
Most of the ensembles need either constant pressure, constant temperature, or in the case of the 










during a simulation is crucial.  Temperature is a direct relation to the average kinetic energy of all 
the particles in the system.  The relation, is given by the equation below 
 
      (B.22) 
 
where Nf is the number of degrees of freedom.  Instantaneous kinetic temperature can also be found 




      (B.23) 
Three popular thermostats are the Nosé-Hoover method developed in the mid-1980s which is one 
of the most accurate and efficient thermostats for constant temperature ensembles, the Langevin 
method developed in 197684 and the Berendsen method developed in 1984.  Each of these will be 
described in slight detail below. 
B.10 Nosé-Hoover Thermostat 
 The Nosé-Hoover thermostat was originally developed by Nosép85-87 where a 
thermal “bath” is introduced to maintain the temperature.  Nosé introduces a new degree of 
freedom that functions as the thermal bath and acts as a time scaling factor, along with a parameter 
that describes the mass of this thermal bath.  This same idea was then improved upon later by 
Hooverp90 which simplified down Nosé’s method by removing the scaling factor and introducing 


















 is the thermodynamic friction coefficient and Q is the mass of the thermal bath.  Q can be 
adjusted to meet the needs of the user.  A small Q will let the temperature fluctuate quickly (much 
like a low friction coefficient would let an object slide easily) and a high Q will do the opposite. 
B.11 Periodic Boundary Conditions 
 Periodic boundary conditions are used in most fluid simulations.  The purpose of a 
periodic boundary is so that the atoms and molecules that are on the surface of the box do not have 
strange properties by having interactions with a vacuum rather than more solvent.  A periodic 
boundary is employed by allowing the simulation to replicate the box which contains the solvent 
and other molecules of interest in an array in the X, Y, and Z dimensions.  This way if the molecules 
are on the outskirts of the simulation box, it will interact with more solvent molecules rather than 
nothing at all.  If a particle is about to leave the simulation box, it is replaced with a “image 
particle” and then the real particle is placed on the opposite side of the simulation box.  This way 
molecules do not get lost in the process and they are still counted within the simulation when 




Appendix C: Proline Derivative Bond Order Tables 
Introduction 
The following tables report the bond distances and bond orders for each of the molecules 
1-10 in the chapter one study.  The bond distances are listed in angstroms.  Each picture included 
before the table is a depiction of the molecule with numbering that is related to the pairs of atoms 















Table C.I. Bond orders and bond lengths of each atom pair in Structure 1 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.223 2.02 1 3 1.369 0.997 1 4 2.528 0.172 
1 8 2.465 -0.058 1 15 1.52 0.761 1 16 2.169 -0.053 
2 4 3.626 0.082 2 8 2.747 -0.096 2 15 2.402 -0.109 
3 4 1.456 1.161 3 5 2.494 -0.287 3 6 2.854 0.056 
3 8 1.474 0.728 3 9 2.351 -0.098 3 15 2.466 -0.202 
3 19 2.366 -0.112 4 5 1.535 0.705 4 6 2.447 -0.134 
4 7 1.092 0.973 4 8 2.443 0.14 4 9 1.549 0.548 
4 21 2.208 -0.205 5 6 1.204 2.433 5 7 2.132 -0.084 
5 9 2.54 0.127 5 10 1.35 1.204 5 19 3.194 0.073 
5 21 2.644 0.083 6 10 2.255 -0.117 6 11 2.672 -0.078 
6 15 3.612 -0.055 8 9 2.416 0.05 8 19 1.534 0.844 
8 22 1.095 0.987 8 23 1.091 0.99 8 25 2.168 -0.086 
9 10 3.073 -0.129 9 19 1.537 0.713 9 20 1.094 1.006 
9 21 1.091 1.071 9 25 2.171 -0.079 10 11 1.443 0.757 
11 12 1.088 0.975 11 13 1.091 0.965 11 14 1.091 0.956 
15 16 1.093 0.985 15 17 1.094 0.976 15 18 1.088 0.99 
19 24 1.091 0.981 19 25 1.093 1.089 

















Table C.II. Bond orders and bond lengths of each atom pair in Structure 1 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.225 2.045 1 3 1.367 1.014 1 15 1.517 0.763 
1 18 2.125 -0.056 2 4 2.728 0.059 2 5 3.046 -0.094 
2 15 2.405 -0.077 3 4 1.46 1.152 3 5 2.469 -0.205 
3 8 1.472 0.717 3 9 2.355 -0.109 3 15 2.457 -0.206 
3 19 2.363 -0.084 3 23 2.123 -0.06 4 5 1.531 0.767 
4 6 2.434 -0.111 4 7 1.09 0.936 4 8 2.447 0.09 
4 9 1.546 0.407 4 20 2.163 -0.059 4 21 2.207 -0.228 
5 6 1.206 2.406 5 9 2.539 0.167 5 10 1.345 1.248 
5 19 3.201 0.108 5 21 2.645 0.086 6 10 2.256 -0.117 
8 9 2.416 0.085 8 19 1.536 0.938 8 22 1.092 0.989 
8 23 1.097 0.957 8 25 2.164 -0.095 9 10 3.248 -0.133 
9 19 1.537 0.68 9 20 1.094 1.025 9 21 1.091 1.08 
9 25 2.169 -0.082 10 11 1.441 0.761 11 12 1.091 0.955 
11 13 1.088 0.971 11 14 1.09 0.967 15 16 1.093 0.98 
15 17 1.095 0.967 15 18 1.088 1.014 19 24 1.092 0.981 
19 25 1.092 1.102 

















Table C.III. Bond orders and bond lengths of each atom pair in Structure 2 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.222 1.981 1 3 1.37 0.949 1 4 2.547 0.21 
1 5 3.322 -0.083 1 6 3.36 0.057 1 15 1.516 0.77 
2 4 3.629 0.067 2 8 2.739 -0.057 2 15 2.408 -0.083 
3 4 1.449 1.143 3 5 2.493 -0.261 3 6 2.835 0.071 
3 8 1.472 0.815 3 9 2.298 -0.092 3 15 2.462 -0.193 
4 5 1.535 0.65 4 6 2.442 -0.175 4 7 1.093 0.931 
4 8 2.399 0.162 4 9 1.544 0.578 4 10 2.359 -0.054 
4 19 2.331 0.421 4 21 2.22 -0.172 5 6 1.202 2.404 
5 8 3.373 -0.08 5 9 2.56 0.056 5 10 1.348 1.181 
5 19 3.134 -0.288 6 10 2.257 -0.101 6 11 2.683 -0.066 
6 15 3.478 -0.058 8 19 1.416 0.784 8 22 1.097 0.977 
8 23 1.09 0.965 9 10 2.98 -0.12 9 19 1.421 1.05 
9 20 1.098 0.943 9 21 1.088 1.072 10 11 1.444 0.761 
11 12 1.088 0.975 11 13 1.091 0.969 11 14 1.091 0.955 
15 16 1.093 0.981 15 17 1.095 0.98 15 18 1.088 0.989 
19 21 2.049 -0.064 19 23 2.047 -0.05 

















Table C.IV. Bond orders and bond lengths of each atom pair in Structure 2 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.221 2.025 1 3 1.37 0.95 1 8 2.55 0.064 
1 15 1.516 0.773 1 18 2.128 -0.057 2 5 3.17 -0.061 
2 15 2.408 -0.059 3 4 1.451 1.139 3 5 2.469 -0.182 
3 8 1.471 0.787 3 9 2.298 -0.069 3 15 2.45 -0.2 
3 23 2.123 -0.05 4 5 1.532 0.933 4 6 2.435 -0.123 
4 7 1.09 0.864 4 8 2.4 0.204 4 9 1.54 0.391 
4 19 2.338 0.283 4 20 2.175 -0.071 4 21 2.22 -0.18 
5 6 1.203 2.412 5 8 3.335 -0.093 5 9 2.548 0.139 
5 10 1.346 1.169 5 19 3.123 -0.214 6 9 3.319 -0.095 
6 10 2.258 -0.103 6 11 2.68 -0.054 8 19 1.412 0.904 
8 22 1.093 0.956 8 23 1.1 0.972 9 10 3.153 -0.122 
9 19 1.427 1.038 9 20 1.098 0.966 9 21 1.089 1.066 
10 11 1.443 0.761 11 12 1.091 0.952 11 13 1.088 0.971 
11 14 1.09 0.972 15 16 1.094 0.971 15 17 1.094 0.97 

















Table C.V. Bond orders and bond lengths of each atom pair in Structure 3 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.203 2.119 1 3 1.418 0.824 1 4 2.557 0.166 
1 5 3.302 -0.072 1 8 2.5 -0.058 1 15 1.517 0.766 
1 22 2.969 -0.094 2 4 3.644 0.111 2 8 2.846 -0.142 
2 15 2.393 -0.052 3 4 1.454 1.181 3 5 2.493 -0.241 
3 6 2.826 0.065 3 8 1.417 0.912 3 9 2.309 -0.076 
3 15 2.48 -0.195 3 19 2.25 -0.075 4 5 1.537 0.59 
4 6 2.441 -0.168 4 7 1.091 0.977 4 8 2.358 0.257 
4 9 1.542 0.498 4 10 2.355 -0.11 4 15 2.923 0.066 
4 19 2.345 0.275 4 21 2.21 -0.213 5 6 1.201 2.394 
5 7 2.14 -0.074 5 8 3.295 -0.085 5 10 1.344 1.216 
5 19 3.234 -0.218 5 21 2.64 0.06 6 10 2.258 -0.097 
6 11 2.69 -0.071 8 19 1.373 0.961 8 22 1.187 2.032 
9 10 2.956 -0.089 9 19 1.43 1.023 9 20 1.093 0.941 
9 21 1.087 1.055 10 11 1.447 0.758 11 12 1.087 0.973 
11 13 1.09 0.967 11 14 1.09 0.954 15 16 1.092 0.971 

















Table C.VI. Bond orders and bond lengths of each atom pair in Structure 3 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.213 2.053 1 3 1.409 0.859 1 15 1.504 0.756 
1 22 3.023 -0.104 2 5 3.071 -0.053 2 9 4.153 0.053 
2 15 2.402 -0.072 3 4 1.453 1.213 3 5 2.468 -0.207 
3 8 1.404 0.933 3 9 2.309 -0.054 3 15 2.5 -0.2 
4 5 1.533 0.862 4 6 2.433 -0.116 4 7 1.089 0.934 
4 8 2.362 0.247 4 9 1.544 0.331 4 10 2.352 -0.089 
4 19 2.365 0.143 4 21 2.217 -0.212 5 6 1.202 2.427 
5 8 3.309 -0.078 5 9 2.553 0.139 5 10 1.342 1.228 
5 19 3.283 -0.149 5 21 2.623 0.057 6 9 3.322 -0.088 
6 10 2.259 -0.1 8 19 1.36 1.018 8 22 1.195 1.91 
9 10 3.146 -0.094 9 19 1.438 0.996 9 20 1.092 0.977 
9 21 1.089 1.055 10 11 1.445 0.755 11 12 1.087 0.97 
11 13 1.09 0.971 11 14 1.091 0.951 15 16 1.092 0.956 
15 17 1.088 1.007 15 18 1.091 0.965 15 22 2.873 0.103 
19 21 2.059 -0.063 

















Table C.VII. Bond orders and bond lengths of each atom pair in Structure 4 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.217 2.08 1 3 1.388 0.971 1 4 2.514 0.121 
1 15 1.521 0.74 1 16 2.175 -0.055 2 3 2.282 0.081 
2 4 3.629 0.093 2 8 2.858 -0.438 2 15 2.389 -0.053 
2 21 2.846 0.311 2 24 4.304 -0.058 3 4 1.466 1.182 
3 5 2.499 -0.335 3 8 1.427 0.846 3 9 2.364 -0.137 
3 15 2.477 -0.215 3 21 2.484 -0.202 3 24 2.36 -0.145 
4 5 1.534 0.664 4 6 2.447 -0.159 4 7 1.09 0.941 
4 9 1.546 0.501 4 15 2.883 0.089 4 20 2.203 -0.2 
4 21 3.688 0.186 5 6 1.203 2.49 5 7 2.132 -0.085 
5 8 3.349 0.179 5 9 2.539 0.142 5 10 1.349 1.196 
5 15 3.302 -0.066 5 20 2.639 0.058 5 24 3.187 -0.079 
6 9 3.394 -0.06 6 10 2.255 -0.123 6 11 2.675 -0.079 
6 15 3.56 -0.061 6 21 4.575 0.131 6 24 3.565 -0.091 
8 9 2.397 0.184 8 15 3.839 -0.116 8 21 1.336 1.325 
8 22 2.079 -0.123 8 24 1.514 0.841 8 25 2.173 -0.087 
8 26 2.145 -0.111 9 10 3.044 -0.109 9 19 1.093 1.039 
9 20 1.09 1.064 9 21 3.659 -0.068 9 24 1.533 0.551 
9 26 2.172 -0.088 10 11 1.444 0.747 11 12 1.088 0.975 
11 13 1.091 0.964 11 14 1.091 0.957 15 16 1.093 0.977 
15 17 1.094 0.982 15 18 1.088 0.988 15 21 4.555 0.136 
19 24 2.173 -0.063 21 22 1.084 1.007 21 23 1.077 0.989 
24 25 1.09 1.035 24 26 1.096 1.075 

















Table C.VIII. Bond orders and bond lengths of each atom pair in Structure 4 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.222 2.123 1 3 1.39 0.945 1 8 2.561 0.061 
1 15 1.51 0.725 1 18 2.107 -0.062 1 21 3.209 -0.087 
2 5 2.917 -0.084 2 8 3.616 0.052 2 15 2.387 -0.127 
3 4 1.472 1.154 3 5 2.475 -0.25 3 8 1.419 0.788 
3 9 2.371 -0.146 3 15 2.505 -0.191 3 21 2.492 -0.155 
3 24 2.346 -0.136 4 5 1.531 0.67 4 6 2.435 -0.199 
4 7 1.089 0.908 4 9 1.544 0.327 4 15 3.831 -0.063 
4 19 2.164 -0.069 4 20 2.203 -0.222 4 21 3.69 -0.058 
4 24 2.409 0.112 5 6 1.205 2.482 5 7 2.134 -0.061 
5 8 3.387 0.195 5 9 2.536 0.239 5 10 1.344 1.246 
5 20 2.628 0.056 5 24 3.213 -0.111 6 10 2.256 -0.124 
6 21 4.662 0.184 6 24 3.415 -0.137 8 9 2.389 0.203 
8 15 3.084 0.064 8 21 1.337 1.49 8 22 2.083 -0.118 
8 24 1.514 0.728 8 25 2.173 -0.099 8 26 2.14 -0.081 
9 10 3.208 -0.139 9 19 1.093 1.042 9 20 1.091 1.087 
9 21 3.624 0.067 9 24 1.535 0.585 9 26 2.171 -0.096 
10 11 1.442 0.756 11 12 1.088 0.973 11 13 1.091 0.97 
11 14 1.091 0.953 15 16 1.093 0.946 15 17 1.091 0.974 
15 18 1.089 1.02 15 24 4.498 0.053 19 24 2.173 -0.053 
21 22 1.082 0.989 21 23 1.078 1.036 21 24 2.523 0.114 
24 25 1.09 1.025 24 26 1.095 1.069 
















Table C.IX. Bond orders and bond lengths of each atom pair in Structure 5 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.336 1.82 1 7 1.42 0.855 1 22 1.075 0.919 
2 3 1.517 0.938 2 7 2.283 0.082 2 23 1.077 0.941 
3 4 1.572 0.878 3 5 1.09 0.928 3 6 1.094 0.924 
4 7 1.478 0.855 4 14 1.524 0.801 4 15 1.09 0.918 
7 8 1.386 0.975 7 13 2.286 0.054 8 9 1.509 0.851 
8 13 1.249 1.885 9 10 1.091 0.91 9 11 1.086 0.937 
9 12 1.092 0.924 14 16 1.373 0.973 14 17 1.229 1.938 
16 17 2.293 0.066 16 18 1.473 0.765 18 19 1.088 0.925 
18 20 1.084 0.936 18 21 1.088 0.923 

















Table C.X. Bond orders and bond lengths of each atom pair in Structure 5 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.333 2.197 1 3 2.338 0.236 1 4 2.353 0.312 
1 7 1.405 0.708 1 8 2.514 0.067 1 13 3.592 0.078 
1 14 3.387 -0.08 1 22 1.079 0.918 2 3 1.512 0.81 
2 7 2.273 -0.085 2 22 2.173 0.053 2 23 1.08 0.86 
3 4 1.565 0.395 3 5 1.094 1.067 3 6 1.095 0.997 
3 7 2.391 -0.111 3 14 2.555 0.187 3 15 2.222 -0.066 
3 16 3.205 -0.135 3 17 3.281 -0.105 4 5 2.215 -0.235 
4 7 1.47 1.036 4 14 1.528 0.866 4 15 1.089 0.974 
4 16 2.355 -0.076 4 22 3.365 0.063 5 14 2.563 0.076 
7 8 1.374 0.995 7 9 2.464 -0.218 7 14 2.467 -0.164 
7 22 2.154 -0.062 8 9 1.516 0.727 8 11 2.121 -0.055 
8 13 1.222 2.057 9 10 1.094 0.979 9 11 1.088 0.999 
9 12 1.094 0.981 9 13 2.408 -0.059 13 14 3.02 -0.096 
14 15 2.135 -0.063 14 16 1.346 1.274 14 17 1.203 2.382 
16 17 2.256 -0.114 16 18 1.442 0.767 17 18 2.674 -0.062 

















Table C.XI. Bond orders and bond lengths of each atom pair in Structure 6 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.338 1.942 1 3 2.355 0.338 1 4 2.359 0.26 
1 7 1.43 0.811 1 9 3.842 -0.056 1 13 2.888 -0.205 
1 23 1.494 0.632 1 26 2.115 -0.183 2 3 1.506 0.6 
2 4 2.383 -0.088 2 5 2.188 -0.076 2 7 2.271 -0.139 
2 9 4.704 0.065 2 13 4.162 -0.066 2 14 3.335 0.051 
2 17 3.812 -0.086 2 22 1.08 0.86 2 23 2.538 0.152 
2 26 2.655 0.06 3 4 1.558 0.451 3 5 1.092 1.089 
3 6 1.097 0.978 3 7 2.388 -0.122 3 14 2.549 0.177 
3 16 3.009 -0.099 3 23 3.812 0.061 4 5 2.204 -0.23 
4 7 1.47 1.107 4 8 2.528 0.156 4 13 3.643 0.083 
4 14 1.533 0.673 4 15 1.09 1.004 4 16 2.356 -0.112 
4 17 2.446 -0.074 4 23 3.781 0.068 5 14 2.568 0.072 
7 8 1.383 0.986 7 9 2.468 -0.188 7 13 2.283 0.061 
7 14 2.487 -0.294 7 23 2.566 -0.161 8 9 1.52 0.729 
8 13 1.22 2.074 8 17 3.361 0.086 9 10 1.092 0.971 
9 11 1.088 0.993 9 12 1.094 0.989 9 13 2.391 -0.118 
9 17 3.468 -0.094 13 23 2.829 0.102 14 15 2.131 -0.1 
14 16 1.349 1.259 14 17 1.203 2.398 16 17 2.256 -0.116 
16 18 1.443 0.754 17 18 2.677 -0.081 18 19 1.091 0.958 
18 20 1.088 0.976 18 21 1.091 0.969 23 24 1.09 0.93 
23 25 1.092 0.932 23 26 1.092 1.056 

















Table XII. Bond orders and bond lengths of each atom pair in Structure 6 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.338 1.93 1 3 2.357 0.399 1 4 2.366 0.259 
1 7 1.426 0.762 1 8 2.581 0.06 1 13 3.631 0.107 
1 22 2.14 0.069 1 23 1.496 0.67 1 26 2.113 -0.162 
2 3 1.504 0.528 2 4 2.389 0.058 2 5 2.174 -0.06 
2 6 2.171 -0.056 2 7 2.27 -0.15 2 9 4.428 0.068 
2 17 3.74 -0.102 2 22 1.081 0.79 2 23 2.521 0.126 
3 4 1.556 0.258 3 5 1.094 1.102 3 6 1.096 1.014 
3 7 2.396 -0.093 3 13 4.147 0.08 3 14 2.547 0.229 
3 15 2.217 -0.067 3 16 3.161 -0.158 3 17 3.303 -0.071 
3 23 3.807 0.085 4 5 2.207 -0.245 4 7 1.474 1.013 
4 14 1.528 0.782 4 15 1.088 0.988 4 16 2.355 -0.069 
4 17 2.437 -0.066 5 14 2.56 0.07 7 8 1.38 1.006 
7 9 2.512 -0.201 7 14 2.467 -0.184 7 23 2.582 -0.148 
8 9 1.516 0.709 8 10 2.173 -0.052 8 11 2.107 -0.057 
8 13 1.225 2.091 9 10 1.091 0.979 9 11 1.088 1.008 
9 12 1.092 0.974 9 13 2.385 -0.091 9 23 3.077 -0.105 
13 14 2.955 -0.122 14 15 2.131 -0.075 14 16 1.347 1.308 
14 17 1.204 2.412 16 17 2.256 -0.116 16 18 1.441 0.757 
17 18 2.672 -0.055 17 23 4.522 0.057 18 19 1.091 0.955 
18 20 1.088 0.974 18 21 1.091 0.971 23 24 1.092 0.946 
23 25 1.093 0.956 23 26 1.091 1.05 

















Table XIII.  Bond orders and bond lengths of each atom pair in Structure 7 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.202 2.129 1 3 1.422 0.794 1 4 2.548 0.186 
1 5 3.318 -0.079 1 15 1.517 0.765 2 4 3.642 0.098 
2 8 2.891 -0.112 2 15 2.389 -0.095 2 22 3.064 -0.059 
3 4 1.462 1.128 3 5 2.495 -0.25 3 6 2.822 0.071 
3 8 1.406 0.842 3 9 2.304 -0.085 3 15 2.484 -0.191 
3 22 2.76 -0.124 4 5 1.538 0.577 4 6 2.44 -0.164 
4 7 1.09 0.969 4 8 2.349 0.294 4 9 1.532 0.48 
4 10 2.356 -0.071 4 15 2.896 0.069 4 19 2.329 0.259 
4 21 2.209 -0.206 5 6 1.201 2.429 5 7 2.142 -0.057 
5 8 3.263 -0.083 5 10 1.344 1.194 5 19 3.2 -0.203 
6 10 2.258 -0.101 6 11 2.691 -0.065 6 15 3.402 -0.054 
8 9 2.302 -0.059 8 19 1.362 0.934 8 22 1.627 2.146 
9 10 2.933 -0.095 9 19 1.436 1.016 9 20 1.093 0.947 
9 21 1.087 1.063 10 11 1.447 0.753 11 12 1.087 0.973 
11 13 1.09 0.966 11 14 1.09 0.956 15 16 1.092 0.968 
15 17 1.094 0.978 15 18 1.088 0.985 15 22 4.807 0.054 
19 21 2.061 -0.062 19 22 2.611 -0.195 



















Table C.XIV. Bond orders and bond lengths of each atom pair in Structure 7 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.214 2.039 1 3 1.419 0.833 1 15 1.5 0.754 
1 17 2.096 -0.059 1 19 3.619 0.053 2 9 4.083 0.055 
2 15 2.389 -0.054 3 4 1.464 1.168 3 5 2.475 -0.221 
3 8 1.393 0.821 3 9 2.311 -0.06 3 15 2.529 -0.167 
3 22 2.762 -0.063 4 5 1.533 0.831 4 6 2.435 -0.154 
4 7 1.088 0.939 4 8 2.356 0.325 4 9 1.534 0.335 
4 10 2.349 -0.067 4 19 2.347 0.133 4 20 2.188 -0.052 
4 21 2.215 -0.196 5 6 1.201 2.497 5 8 3.298 -0.112 
5 9 2.552 0.103 5 10 1.343 1.225 5 19 3.261 -0.126 
6 9 3.34 -0.094 6 10 2.259 -0.1 8 19 1.351 1.009 
8 22 1.639 1.982 9 10 3.126 -0.108 9 19 1.442 0.984 
9 20 1.092 0.983 9 21 1.088 1.061 10 11 1.446 0.748 
11 12 1.087 0.97 11 13 1.09 0.971 11 14 1.091 0.951 
15 16 1.091 0.955 15 17 1.089 1.017 15 18 1.091 0.957 
19 21 2.06 -0.059 19 22 2.604 -0.193 



















Table C.XV. Bond orders and bond lengths of each atom pair in Structure 8 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.214 2.044 1 3 1.392 0.899 1 4 2.531 0.224 
1 5 3.286 -0.094 1 6 3.304 0.068 1 8 2.498 -0.054 
1 15 1.518 0.742 1 22 3.087 0.076 2 3 2.28 0.054 
2 4 3.633 0.076 2 8 2.855 -0.196 2 15 2.394 -0.088 
2 22 2.892 0.102 3 4 1.457 1.184 3 5 2.496 -0.263 
3 6 2.831 0.058 3 8 1.422 0.911 3 9 2.304 -0.14 
3 15 2.471 -0.196 3 19 2.259 -0.053 3 22 2.498 -0.145 
4 5 1.537 0.592 4 6 2.442 -0.158 4 7 1.091 0.934 
4 8 2.352 0.123 4 9 1.537 0.437 4 10 2.358 -0.056 
4 15 2.909 0.054 4 19 2.328 0.354 4 21 2.211 -0.203 
4 22 3.656 0.275 5 6 1.201 2.432 5 10 1.346 1.192 
5 19 3.174 -0.256 5 22 4.492 -0.135 6 8 3.567 -0.055 
6 10 2.257 -0.106 6 11 2.685 -0.073 6 15 3.432 -0.076 
8 9 2.281 0.053 8 19 1.378 0.981 8 20 2.781 -0.061 
8 22 1.331 1.557 8 23 2.072 -0.112 9 10 2.949 -0.095 
9 19 1.426 1.014 9 20 1.096 0.988 9 21 1.088 1.046 
9 22 3.535 -0.051 10 11 1.445 0.751 11 12 1.087 0.975 
11 13 1.09 0.968 11 14 1.09 0.956 15 16 1.092 0.975 
15 17 1.094 0.984 15 18 1.088 1.001 15 22 4.586 0.061 
19 21 2.054 -0.07 19 22 2.37 -0.208 22 23 1.081 1.056 
22 24 1.076 0.958 



















Table C.XVI. Bond orders and bond lengths of each atom pair in Structure 8 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.219 2.043 1 3 1.393 0.882 1 8 2.567 0.08 
1 15 1.507 0.752 1 17 2.108 -0.059 2 4 2.678 0.149 
2 5 3.192 -0.157 2 15 2.391 -0.084 3 4 1.458 1.176 
3 5 2.476 -0.196 3 8 1.415 0.801 3 9 2.302 -0.126 
3 15 2.498 -0.194 3 22 2.51 -0.074 4 5 1.532 0.823 
4 6 2.438 -0.153 4 7 1.089 0.927 4 8 2.351 0.337 
4 9 1.533 0.33 4 10 2.353 -0.054 4 19 2.337 0.175 
4 20 2.178 -0.056 4 21 2.213 -0.199 4 22 3.658 0.09 
5 6 1.201 2.445 5 8 3.251 -0.073 5 9 2.56 0.111 
5 10 1.346 1.207 5 19 3.195 -0.149 5 22 4.413 -0.071 
6 9 3.399 -0.08 6 10 2.258 -0.101 6 15 4.465 0.053 
8 15 3.083 0.057 8 19 1.372 1.02 8 22 1.335 1.608 
8 23 2.073 -0.115 9 10 3.082 -0.13 9 19 1.432 0.996 
9 20 1.095 0.992 9 21 1.089 1.046 10 11 1.444 0.748 
11 12 1.087 0.972 11 13 1.09 0.971 11 14 1.091 0.954 
15 16 1.094 0.953 15 17 1.088 1.019 15 18 1.091 0.964 
19 21 2.054 -0.065 19 22 2.35 -0.176 22 23 1.08 1.066 
22 24 1.074 1 



















Table C.XVII. Bond orders and bond lengths of each atom pair in Structure 9 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.224 2.04 1 3 1.372 0.905 1 4 2.501 0.111 
1 8 2.525 0.068 1 15 1.523 0.765 1 16 2.178 -0.057 
2 3 2.274 -0.063 2 8 2.848 0.31 2 24 3.098 -0.185 
2 28 3.01 -0.216 3 4 1.459 1.108 3 5 2.5 -0.302 
3 8 1.504 0.758 3 9 2.359 -0.094 3 15 2.47 -0.192 
3 19 2.367 -0.104 3 24 2.497 -0.1 3 28 2.517 -0.071 
4 5 1.535 0.635 4 6 2.45 -0.306 4 7 1.092 0.948 
4 8 2.472 0.225 4 9 1.545 0.504 4 15 2.888 0.144 
4 19 2.402 0.106 4 20 2.162 -0.058 4 21 2.204 -0.205 
4 23 2.803 0.05 5 6 1.204 2.617 5 7 2.129 -0.077 
5 8 3.442 0.091 5 9 2.533 0.308 5 10 1.35 1.209 
5 15 3.317 -0.083 5 19 3.177 -0.125 5 21 2.632 0.079 
6 8 3.622 0.253 6 10 2.254 -0.124 6 11 2.672 -0.083 
6 19 3.529 -0.086 6 28 3.813 -0.061 8 9 2.446 0.227 
8 15 3.893 -0.064 8 19 1.548 0.579 8 22 2.195 -0.095 
8 23 2.176 -0.134 8 24 1.54 0.786 8 28 1.534 0.778 
8 31 2.159 -0.055 9 10 3.064 -0.131 9 19 1.531 0.447 
9 20 1.093 1.046 9 21 1.091 1.063 9 23 2.164 -0.135 
9 24 3.241 0.053 10 11 1.443 0.749 11 12 1.088 0.972 
11 13 1.091 0.965 11 14 1.091 0.957 15 16 1.093 0.985 
15 17 1.094 0.981 15 18 1.088 0.977 15 24 4.513 0.055 
19 20 2.179 -0.065 19 21 2.21 -0.07 19 22 1.092 1.009 








24 26 1.09 0.981 24 27 1.094 1.029 28 29 1.089 0.969 
28 30 1.093 0.987 28 31 1.095 1.01 




















Table C.XVIII. Bond orders and bond lengths of each atom pair in Structure 9 in the trans conformation after optimization with 
B3LYP/6-311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.227 2.074 1 3 1.372 0.92 1 6 3.316 -0.078 
1 8 2.613 0.132 1 9 3.649 -0.052 1 15 1.517 0.785 
1 16 2.201 -0.062 1 18 2.113 -0.062 2 5 2.949 -0.091 
2 9 4.122 0.066 2 15 2.378 -0.143 3 4 1.465 1.146 
3 5 2.474 -0.243 3 8 1.503 0.999 3 9 2.364 -0.111 
3 15 2.508 -0.163 3 19 2.364 -0.085 3 24 2.509 -0.177 
3 28 2.538 -0.123 4 5 1.532 0.553 4 6 2.436 -0.319 
4 7 1.089 0.897 4 9 1.54 0.222 4 10 2.367 0.062 
4 11 3.711 0.076 4 15 3.826 -0.093 4 19 2.4 0.213 
4 20 2.162 -0.084 4 21 2.201 -0.224 5 6 1.206 2.591 
5 8 3.43 0.244 5 9 2.531 0.359 5 10 1.345 1.257 
5 19 3.167 -0.15 5 21 2.635 0.071 6 8 3.531 0.407 
6 10 2.255 -0.122 6 15 4.447 0.061 6 19 3.35 -0.159 
6 28 3.744 -0.149 8 9 2.45 0.307 8 15 3.124 0.146 
8 19 1.551 0.554 8 22 2.198 -0.084 8 23 2.171 -0.133 
8 24 1.541 0.827 8 27 2.173 -0.061 8 28 1.537 0.804 
8 31 2.158 -0.065 9 10 3.216 -0.171 9 19 1.53 0.413 
9 20 1.093 1.055 9 21 1.091 1.088 9 23 2.16 -0.126 
9 24 3.228 0.091 10 11 1.44 0.749 11 12 1.092 0.955 
11 13 1.088 0.969 11 14 1.09 0.967 15 16 1.088 0.982 
15 17 1.093 0.956 15 18 1.089 1.014 15 24 3.504 -0.066 
19 20 2.181 -0.068 19 21 2.203 -0.07 19 22 1.092 1.002 








24 26 1.092 0.967 24 27 1.094 1.04 28 29 1.09 0.933 
28 30 1.092 0.999 28 31 1.094 1.017 




















Table C.XIX. Bond orders and bond lengths of each atom pair in Structure 10 in the cis conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.205 2.182 1 3 1.416 0.898 1 4 2.541 0.093 
1 8 2.509 -0.055 1 15 1.52 0.737 1 21 3.746 -0.065 
1 24 2.943 -0.152 2 4 3.639 0.114 2 8 2.862 -0.195 
3 4 1.463 1.129 3 5 2.491 -0.262 3 6 2.84 0.052 
3 8 1.423 0.78 3 9 2.372 -0.101 3 15 2.488 -0.2 
3 21 2.373 -0.172 4 5 1.533 0.679 4 6 2.441 -0.108 
4 7 1.09 0.985 4 8 2.391 0.173 4 9 1.552 0.529 
4 15 2.898 0.055 4 20 2.203 -0.195 4 21 2.419 0.058 
4 24 3.547 0.111 5 6 1.203 2.418 5 7 2.136 -0.103 
5 9 2.539 0.095 5 10 1.346 1.224 5 20 2.62 0.068 
5 21 3.222 0.094 6 10 2.257 -0.116 6 11 2.68 -0.077 
8 21 1.527 0.824 8 23 2.131 -0.083 8 24 1.199 2.078 
9 10 3.077 -0.098 9 19 1.092 1.002 9 20 1.09 1.065 
9 21 1.528 0.687 9 22 2.214 -0.052 9 23 2.193 -0.075 
9 24 3.575 -0.066 10 11 1.445 0.752 11 12 1.087 0.973 
11 13 1.091 0.963 11 14 1.091 0.956 15 16 1.093 0.971 
15 17 1.094 0.98 15 18 1.088 0.98 21 22 1.09 0.984 
21 23 1.095 1.059 21 24 2.436 0.072 



















Table C.XX. Bond orders and bond lengths of each atom pair in Structure 10 in the trans conformation after optimization with B3LYP/6-
311++G**. 
BOND BOND BOND 
         
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER 
1 2 1.214 2.066 1 3 1.41 0.918 1 15 1.505 0.752 
1 21 3.742 -0.051 1 24 2.997 -0.088 2 4 2.692 0.08 
2 5 3.05 -0.108 2 15 2.397 -0.058 3 4 1.464 1.113 
3 5 2.465 -0.211 3 8 1.407 0.777 3 9 2.366 -0.099 
3 15 2.504 -0.197 3 21 2.358 -0.143 4 5 1.53 0.773 
4 6 2.431 -0.054 4 7 1.088 0.957 4 8 2.392 0.185 
4 9 1.55 0.44 4 19 2.165 -0.058 4 20 2.203 -0.208 
4 24 3.552 0.065 5 6 1.205 2.363 5 7 2.137 -0.071 
5 9 2.545 0.157 5 10 1.342 1.243 5 20 2.629 0.067 
5 21 3.246 0.06 6 10 2.257 -0.113 8 9 2.42 0.072 
8 21 1.522 0.864 8 22 2.153 -0.058 8 23 2.123 -0.075 
8 24 1.207 1.934 9 10 3.199 -0.123 9 19 1.092 1.019 
9 20 1.09 1.071 9 21 1.533 0.657 9 22 2.22 -0.054 
9 23 2.195 -0.075 9 24 3.583 -0.058 10 11 1.444 0.76 
11 12 1.087 0.971 11 13 1.09 0.968 11 14 1.091 0.953 
15 16 1.092 0.973 15 17 1.092 0.949 15 18 1.089 0.995 




Appendix D: Details for All Atom CHARMM Force Field Development 
 The parameters used to develop the CHARMM force field for the modified proline 
variants are shown below.  The parameters used for unmodified proline are also shown for 
comparison.  Each unique atom must be assigned a different label which are shown in Figure D.1 
below. 
 
Below is a table of charges, angles, dihedral angles, and bond lengths for each set of four atoms in 
each molecule.  These parameters are used to determine the location of an atom based upon its 
neighboring atoms positions.  The first column of numbers shows the average bond length of atoms 
1 and 2 in the group of four atoms.  The second shows either the 1-2-3 angle or, if the third atom 
in the sequence has a * before it, the second column shows the angle between the 1-3-2 atoms.  
This second type of angle is known as an improper angle.  The third is the dihedral angle of 1-2-
3-4, the fourth is the angle 2-3-4, and finally the last is the bond length 3-4.  The + and – signs 
show bonds to the next or previous residue’s atom, respectively. 
Molecule 1 (Proline) 
Atom Labels Bond Length 1-2 
Angle 1-2-3 
/ Angle 1-
3-2 Dihedral 1-2-3-4 Angle 2-3-4 Bond Length 3-4 
-C CA *N CD 1.3366 122.94 178.51 112.75 1.4624 




N CA C +N 1.4585 110.86 180.00 114.75 1.3569 
+N CA *C O 1.3569 114.75 177.15 120.46 1.2316 
CA C +N +CA 1.5399 116.12 180.00 124.89 1.4517 
N C *CA CB 1.4585 110.86 113.74 111.74 1.5399 
N C *CA HA 1.4585 110.86 -122.40 109.09 1.0837 
N CA CB CG 1.4585 102.56 31.61 104.39 1.5322 
CA CB CG CD 1.5399 104.39 -34.59 103.21 1.5317 
N CA CB HB1 1.4585 102.56 -84.94 109.02 1.1131 
N CA CB HB2 1.4585 102.56 153.93 112.74 1.1088 
CA CB CG HG1 1.5399 104.39 -156.72 112.95 1.1077 
CA CB CG HG2 1.5399 104.39 81.26 109.22 1.1143 
CB CG CD HD1 1.5322 103.21 -93.55 110.03 1.1137 
CB CG CD HD2 1.5322 103.21 144.52 110.00 1.1144 
 
Molecule 2 
Atom Labels Bond Length 1-2 Angle 1-2-3 Dihedral 1-2-3-4 Angle 2-3-4 Bond Length 3-4 
-C CA *N CD 1.3366 122.94 178.51 112.75 1.4624 
-C N CA C 1.3366 122.94 -76.12 110.86 1.5399 
N CA C +N 1.4585 110.86 180.00 114.75 1.3569 
+N CA *C O 1.3569 114.75 177.15 120.46 1.2316 
CA C +N +CA 1.5399 116.12 180.00 124.89 1.4517 
N C *CA CB 1.4585 110.86 113.74 111.74 1.5399 
N C *CA HA 1.4585 110.86 -122.40 109.09 1.0837 
N CA CB OG 1.4585 102.56 31.61 104.39 1.4712 
CA CB OG CD 1.5399 104.39 -34.59 103.51 1.4564 
N CA CB HB1 1.4585 102.56 -84.94 109.02 1.1131 
N CA CB HB2 1.4585 102.56 153.93 112.74 1.1088 
CB OG CD HD1 1.5322 103.21 135.06 110.03 1.0900 
CB OG CD HD2 1.5322 103.21 -103.96 110.03 1.0900 
 
Molecule 3 
Atom Labels Bond Length 1-2 Angle 1-2-3 Dihedral 1-2-3-4 Angle 2-3-4 Bond Length 3-4 
-C CA *N CD 1.3366 122.94 178.51 112.75 1.4624 
-C N CA C 1.3366 122.94 -76.12 110.86 1.5399 
N CA C +N 1.4585 110.86 180.00 114.75 1.3569 
+N CA *C O 1.3569 114.75 177.15 120.46 1.2316 




N C *CA +CB 1.4585 110.86 113.74 111.74 1.5399 
N C *CA HA 1.4585 110.86 -122.40 109.09 1.0837 
N CA CB OT2 1.4585 102.56 31.61 104.39 1.5322 
CA CB OT2 CD 1.5399 104.39 -34.59 103.21 1.5317 
N CA CB HB1 1.4585 102.56 -84.94 109.02 1.1131 
N CA CB HB2 1.4585 102.56 153.93 112.74 1.1088 
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